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LIFT, DRAG, AND PITCHING MOMENT OF LOW-ASPECT-RATIO 
WINGS AT SUBSONIC AND SUPERSONIC SPEEDS 


By Charles F. Hail 
SUMMARY 


Results are presented of a coordinated investigation to evaluate the 
lift, drag, and pitching-moment characteristics of thin, low-aspect-ratio 
wings in combination with a body. Wind-tunnel data were obtained in the 
Mach number range from 0.25 to as high as 1.9. 


The investigation of a series of 3-percent-thick triangular wings of 
2, 3, and 4 aspect ratio showed that the lift-curve slope was predicted 
satisfactorily by Linearized theory except near a Mach number of unity 
and over portions of the supersonic speed range. Ав predicted by linear- 
ized theory, the aerodynamic center moved aft with increasing Mach number 
at subsonic speeds, the over-all travel increasing with aspect ratio. _ 
Ihe data indicated that, in general, it would be more accurate to calcu- 
late the drag due to lift at supersonic speeds, assuming that the net ` 
force due to angle of attack was normal to the wing chord than to use . 
available theoretical methods which consider leading-edge thrust. m 

The investigation of a series of 3-percent-thick wings having swept- 
back, unswept, and triangular plan forms of aspect ratios 2 ала 3 showed 
that, ав predicted by theory, the lift-curve slope decreased with increas- 
ing аа ава But with increasing Mach number the effects of plan form 
and aspect ratio on the lift-curve slope diminished and essentially i. 
vanished at the highest supersonic Масһ number of the investigation. The 
over-all travel of the aerodynamic center decreased with increasing sweep. 


The investigation of a series of triangular wings of aspect ratio 2 
and thicknesses of 3, 5, and 8 percent showed that the wave drag was pro- 
portional to the thickness ratio squared. The drag due to lift decreased 
with increase in thickness ratio from 3 percent to 5 percent, the effect 
being most pronounced at Mach numbers of 0.9 and below. 


A series of wings was investigated to determine the effects of 


thickness distribution. The results showed that, in general, wings with 
sharp leading edges had а lower value of minimum drag at supersonic 
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speeds above those estimated for attachment of the bow wave, and a higher 
value at subsonic speeds than wings with round leading edges. Тһе effects 
of airfoil section on tbe drag due to lift were small, however. 


The results showed that twisting and cambering & triangular wing of 
aspect ratio 2 reduced the drag coefficient at a lift coefficient above 
0.1. Such benefits of camber and twist did not occur, however, if the 
component of the free-stream Mach number perpendicular to the leading edge 
exceeded & value of approximately O.T. 


INTRODUCTION 


In selecting а wing for а high-speed interceptor airplane, the 
designer has the choice of а large variety of possible shapes. Since an 
intelligent selection requires & knowledge of the effects of the various 
shape parameters on the aerodynamic characteristics of the wings, a pro- 
gram to provide information was formulated at the Ames Laboratory in the 
latter part of 1950. Тһе purpose of this program was twofold: i 


1. То investigate at Mach numbers from O.25 to 1.9 the effects of 
type of plan form, aspect ratio, thickness, thickness distribu- 
tion, and wing camber and twist for wing-body combinations. 
Such combinations would be selected to minimize the effects of 
other differences generally present in а comparison of data 
obtained from several facilities, such as body shape, body size, 
and Reynolds number. 


2. To provide data at supersonic speeds to fill the gap existing 
between tests made &t low Reynolds number over a range of angle 
of attack in small wind tunnels and tests with rocket-powered 
models made at high Reynolds number, but generally at zero lift. 


When the program at the Ames Laboratory was first formulated, it was 
realized that а considerable period of time would elapse before 1%в com- 
pletion because of the time required to construct and test the models. 
Futhermore, it was desired to maintain a certain amount of fluidity in 
the program so that parts might be added to the program as 1% progressed. 
Because of the time involved, it was decided to expedite publication of 
the results by reporting the data obtained for each wing-body combination 
immediately after testing. These reports (refs. 1 to 17) were brief and 
no analysis of the data was attempted. The purpose of the present report 
is therefore to compare and to analyze these data. The data will also be 
used to ascertain the adequacy of existing theoretical solutions in pre- 
dicting the lift, drag, ard pitching-moment characteristics of low-aspect- 
ratio wing and body combinations. 
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The large amount of data obtained during this program prevents a 
presentation in graphical form of 811 the results. However, for the 
interested reader, all the data are presented in tables I through ХІХ. 


SYMBOLS 


aspect ratio 


wing span, in. 


drag 
qs 


drag coefficient, 


minimum drag coefficient 


lift coefficient, T 


design lift coefficient 
lift coefficient at maximum lift-drag ratio 


pitching-moment coefficient, кеа Шелер 


(Тһе pitching moment is referred to the quarter point of the 
wing mean aerodynamic chord.) 


local wing chord, in. 


mean aerodynamic chord o HEN I ==, in. 
b 


section Lift 


section lift coefficient, ас 


root chord, in. 


rate of change of lift coefficient with angle of attack at 
zero lift, per deg 


rate of change of downwash angle with angle of attack 


slope of the theoretical lifting surface, with respect to a 
horizontal plane 


eae ke 


F 


G(m) 


Го 


[TBF (cos? 
m 
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force on wing due to angle of attack, lb 


-3 X + Xx + mpy 
cosh [By ғр EGG 


х - mgy 
[By - mx] 


lift, lb 
lift-drag ratio 


maximum lift-drag ratio 


length of body including portion removed to accommodate sting, 
in. 


free-gtream Mach number 


cotangent of sweepback angle of leading edge of uniformly 
loaded. wing surface or sector 


cot A 
arbitrary positive integer 


pressure difference between upper and lower surface of sector, 
1b/sq ft 


free-stream dynamic pressure, 1b/sq ft 
Reynolds number based on the mean aerodynamic chord of the wing 
radius of body, in. 
maximum radius of body, in. 
wing area, sq ft 
(The area is formed by extending the leading and trailing 
edges to the plane of symmetry.) 


spanwise distance from wing plane of symmetry to edge of wing, 
in. 


ratio of maximum wing thickness to wing chord 
perturbation velocity in the x direction, ft/sec 


perturbation velocity in the z direction, ft/sec 


м 
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X, у, Z Cartesian coordinates in streamwise, spanwise, and vertical 
directions, respectively 
(The origin is at the wing apex for dimensions referring to 
wing and at nose of body for dimensions referring to body.) 


а, angle of attack of body axis, deg 
B a |1-M* | 
Ө angle between the resultant force vector апа the normal to 


the wing chord, deg 


А angle of sweepback of wing leading edge, deg 
Subscripts 

a constant-load solution for superimposed sector 

u constant-load solution for entire wing surface 


SELECTION OF MODELS 


The geometric parameters which determine the aerodynamic character- 
istics of & wing are many &nd, in order to keep & research program within 
reasonable limits, it is necessary to select carefully ihe range of var- 
iables to be investigated. As а guide in planning the present program, 
which was directed primarily to the investigation of wings for high- 
Speed fighters, а study of current design trends and anticipated devel- 
opments for such airplanes was made. In the following paragraphs, a 
discussion of the various factors influencing the selection of the models 
Will be given. 


Wings 


Aspect ratio.- For the unswept wings at supersonic speeds and, to 
а lesser extent, for sweptback wings at Mach numbers above that at which 
the component of the free-stream Mach number perpendicular to the leading 
edge becomes sonic, the flow field over most of the wing is essentially 
two-dimensional. Іп the region enclosed by the tip Mach cone, the effects 
ОҒ tip shape are predominant. Variation of aspect ratio for such wings 
merely &lters the extent of the wing subjected to the two-dimensional 
flow, and it is possible to estimate with sufficient &ccuracy the effects 
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of aspect ratio from two-dimensional data when tip effects are known. 
For triangular wings, however, the flow field over the entire wing 
surface is affected by variation of aspect ratio. Hence, in this pro- 
gram, it was appropriate to investigate the effects of aspect ratio on 
wings of triangular plan form. Triangular wings of aspect ratios 2, 3, 
and 14 were investigated, therefore, in combination with a body and are 
illustrated in sketch (a) for comparison. For this portion of the pro- 


А-2 


< —4 Ss 


Sketch (a) 


gram, the thickness of the wings was 3 percent, & thickness structurally 
feasible and yet sufficiently small that thickness effects would not 
obscure the effects of aspect ratio. 


Type of plan form.- In the transonic speed range and at landing con- 
ditions, plan form is an important parameter, particularly in regard to 
its effect on the lift and pitching-moment characteristics. It was 
therefore necessary to include a series of wings of varying plan form to 
investigate these effects. Again the wings were 3 percent thick and 
were investigated in combination with & body as shown in sketch (b). 


Aspect 
_ratio Triangular Sweptback Unswept 


с 
€ € 


Sketch (b) 
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The sweptback and unswept wings of aspect ratio 3 had the same taper 
ratio in order to eliminate such effects from the comparison, and a value 
ОҒ 0.4 was selected as representative of current design trends. А value 
of unity was selected as the taper ratio for the unswept wing of aspect 
ratio 2 since theoretical studies showed that such a wing had the highest 
Lift-curve slope at a given aspect ratio at supersonic speeds. 


Thickness.- An investigation of the effects of wing thickness in 
the present program is of greatest interest for wings of small aspect 
ratio since, as the aspect ratio increases, such effects can be more 
easily estimated from the extensive theoretical and two-dimensional 
experimental results. Such results are more applicable for unswept 
wings, however, whereas the effects of thickness on triangular wings 
are not as well known. It was decided, therefore, to investigate the 
effects of thickness using a wing with a triangular plan form of aspect 
ratio 2. The models for this portion of the investigation are shown 
in sketch (c). 


t/e = 0.03 t/e = 0.05 t/c = 0.08 
Sketch (c) 


Type of profile.- The criteria for selecting the type of profile 
were that it should cause the minimum wave drag and should be conducive 
to a small value of drag due to lift. Available data indicated that 
small wave drag at high supersonic speeds was generally associated with 
sharp leading edges and & small value of drag due to lift with rounded 
leading edges. Hence, wings having leading edges supersonict over much 
of the supersonic speed range of the tests and for which the wave drag 
might be sizable were designed with sharp leading edges. A 3-percent- 
thick biconvex section was used. However, in order to ascertain the 
penalty in wave drag due to round leading edges on such wings, the wings 


RR lll YRY0YTII<IÉ⁄ I€IéI€€I€II€Š€IIIIIIIIIIIçII€IIIIIIIƏIƏI€ÉIKI“I,£I I,III&II£II‏ سے 

tan edge is defined as subsonic or supersonic according to whether the 
edge lies behind or ahead of the free-stream Mach cone from the most 
forward point on the edge. 
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shown in sketch (d) were also investigated with an elliptically shaped 
section forward of the midchord. The coordinates for this latter section 
are given in table XX. 


A-2 A = 2 А = 3 А = Ü. 


Sketch (d) 


Camber and twist.- In supersonic thin-airfoil theory for wings having 
leading edges subsonic, &n infinite suction associated with the lift on 
the wing occurs &long the leading edge which results in & force in the 
thrust direction and & reduction in the drag due to lift. Іп general, 
experimental date have indicated that the full amount of leading-edge 
thrust predicted theoretically is not realized with wings having subsonic 
leading edges. A theoretical study by Jones in reference 18 showed, 
however, that an effective leading-edge thrust could be obtained in the 
case of & sweptback wing by cambering and twisting the wing. А theoret- 
ical study was made, therefore, of various types of camber and twist for 
triangular wings, using as a basis that required for a uniform load dis- 
tribution as given in reference 18. 


The shape of the surface for a uniform load distribution requires 
a large twist at the root section. The study showed that because of the 
larger root chord of the triangular wing in comparison to those of the 
sweptback wings treated in reference 18, the twist at the root resulted 
in a drag due to lift considerably greater than that indicated by theory 
for a plane wing. The large twist was associated with the last term in 
the theoretical solution for the shape of the surface to produce a uni- 
form load distribution, as given by 


Q I © 


qx, — lat ma, ВУ | 


whereas the camber near the leading edge which resulted іп the effeciive 


leading-edge thrust was more closely associated with the first term. 
Since the above expression was obtained from а linearized-lifting- 
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surface theory and, hence, the principal of superposition of solutions 
was applicable, it was reasoned that it should be possible to derive 
another camber and twist from the above expression by writing 


az (aN , (2 

ах Ndx dxf, (2) 
The additional solution, (& , must be of such а form ав to cancel the 

a, 

last term in equation (1) in order to eliminate the large twist at the 
root and at the same time have little effect on the first term. The two 
following solutions obtained from equation (1) and which met the require- 
ment were studied: 


where 
Ap 
өш  . 
and 
sg m | са) - 2 com? E | am (5) 
where | 


A study of the load distribution resulting from the camber and twist 
derived from equations (1), (2), and (3) showed that the minimum value 
of drag due to lift was obtained for ша = 5/8 m,, a value approximately 
equal to that given by the theory for the plane wing. Hence, two 
triangular wings, 5 percent thick, incorporating this camber and twist and 
having aspect ratios of 2 and 4 were constructed. Тһе wing of aspect 
ratio 2 was designed for Cr = 0.25 at М = 1.53; the wing of aspect ratio 
4 was designed for C. = 0.35 at М = 1.15. Тһе theoretical span load 
distribution and the trace of the surface and projection ОҒ the wing lead- 
ing edge in & plane perpendicular to the flight direction are shown for 
the wing of aspect ratio 2 at the design conditions in figure 1. Since 
the surface is conical with respect to the wing apex, the surface trace 
and leading-edge projection will be similar irrespective of the location 
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ОҒ the plane along the x axis во that the entire surface is repre- 
sented by this one plot. 


Analysis of the span load distribution resulting from the camber 
and twist derived from equations (1), (2), and (5) showed that, for & 
value of n = 3, the distribution was nearly elliptical (see fig.2). 
Thus, the drag due to lift would be expected to approach that of а wing 
with elliptical span load distribution, believed to be the optimum. 
Furthermore, it was indicated from the trace of the surface in & plane 
perpendicular to the flight direction that with minor modifications, the 
Surface would be planar over most of the wing and therefore simple to 
construct. These modifications, wherein the trace was first made linear 
from the root to the 80-percent-semispan station and then sheared down- 
ward in order to have the trace straight across the inboard 80 percent 
of the semispan, are shown in figure 3. Тһе effects of these modifica- 
tions on the span load distribution cannot be determined from the linear 
theory, but it ls believed that they would be small for the wing in 
combination with a fuselage in view of the fact that the principal 
modification of the curved trace occurs in the region enclosed by the 
fuselage. Two triangular wings of aspect ratio 2 with 3- and 5-percent 
thickness were built incorporating the latter type of twist and camber. 
Both wings were designed for Сү = 0.25 at M = 1.53. | 


For reference, sketches of the several cambered wings together with 


the span load distribution and shape of the cambered surface are shown 
in sketch (e). 


-A44 


Surface Shape ^. 7^ Or а —M. 
Span. load 
Distribution 

Sketch (e) 
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The body used in conjunction with the various wings was that shown 
by the theoretical study of reference 19 to have the minimum wave drag 
for & given length and volume of body. Its shape can be expressed py 
the equation for the radius of the body ss 


eeqi-6(-E D * (m) 


in tbe equation, the symbol 1 represents the length of the body 
for complete closure at the aft end. The necessity for providing an 
Opening at the aft end of the body to accommodate the sting support 
required that the actual body length be less. With the exception of the 
bodies for the triangular wings of aspect ratio 4 with 5-percent thickness 
(tables XV and XVI), the actual body length was 79 percent of the length 
for complete closure. Іп the савев of the two exceptions, the actual 
length was 84 percent of the length for complete closure. 


For each wing-body combination investigated, the ratio of the max- 
imum cross-sectional area of the body to the wing area was the same. 
The value of this ratio was 0.0509. Also, the location of the inter- 
section of the wing leading edge with the body was nearly the same for 
all models. The intersection was between 34 and 38 percent of the 
length 7. 


Further information pertaining to the body, as well as a tabulation 
of experimental data for the body alone, obtained during the investigation 
is given in table XIX. 


Summary of Models 


The various wing and body combinations investigated in the program, 
together with the number of the table in which the geometric and aero- 
dynamic characteristics can be found, are summarized as follows: 


Type of 


plan form 


Triangular 
Triangular 
Triangular 
Unswept 
Sweptback 
Rectangular 
Sweptback 
Triangular 
Triangular 


CO 


FW № 


D 


O O 


8 


0003-63 
0003-63 

3% round nose 
3% biconvex 
3% biconvex 
3% biconvex 
3% biconvex 
0005-63 
0008-63 
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] Aspect Taper Mean-surface 
ratio | ratio ] Airfoil section shape 


Plane 
Plane 
Plane 
Plane 
Plane 
Plane 
Plane 
Plane 
Plane 


Plane 

Plane 

Plane 

Plane 
Twisted and 
cambered 
Twisted and 
cambered 
Plane 
Twisted and 
cambered 
Twisted and 
cambered 


Triangular 
Rectangular 
Sweptback 
Unswept 
Triangular 


3% biconvex 


3% round nose 
3% round nose 
3% round nose 


0005-63 
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Triangular 0005-63 


0005-63 
0003-63 


Triangular 
Triangular 


O O 


№ 


Triangular 0005-63 


Body &lone 


THEORETICAL METHODS 


The experimental results of the present report will be compared 
with available theoretical solutions. It is pertinent, therefore, to 
devote а portion of this report to а discussion of the various methods 
considered and their manner of application. 


Lift-Curve Slope 


Wing аб subsonic speeds.- Three theoretical methods were considered 
for estimating the lift-curve slope of low-aspect-ratio wings at subsonic 
speeds; those of Weissinger (ref. 20), Lawrence (ref. 21), and Lomax and 
Sluder (ref. 22). These three methods may be considered as simplified 
lifting-surf&ce theories, the differences in the various solutions result- 
ing from the varying approximations and assumptions made in simplifying 
the integral equation relating the value of w inthe 2-0 plane to 
the value of the jump in u across the wing surface in the z = O plane. 


«ионы. 
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the perturbation velocity in the chordwise direction ls the same ав that 
for а wing of infinite aspect ratio, and that the square of chordwise 
distances may be approximated by the semichord squared when comparing 
with the spanwise distances squared. The method of Lawrence assumes that 
the distribution of the perturbation velocity in the spanwise direction 
is the ssme as that given by slender-wing theory, and that the square of 
spanwise distances may be approximated by the semispan squared when 
compared with chordwise distances squared. Іп both cases, these simpli- 
fications reduce the lifting-surface integral equation from one of two 
variables to one of a single variable. The method of Lomax and Sluder 
also assumes that the spanwise velocity distribution is the same as that 
given by slender-wing theory. No approximations are made for distances 
on the wing. The equation is solved, in the case of the triangular wing, 
by finding the average value of w along the span at a given chord 
station and, in the case of the rectangular wing, by finding the value 
of w along the x axis only. 


Because of the assumptions made with regard to the perturbation 
velocity distribution, it would seem that the Weissinger method is better 
suited for high-aspect-ratio wings; whereas the other two methods are 
better suited for low-aspect-ratio wings. However, Lawrence (ref. 21) 
has shown that in the limiting case of low aspect ratio, the Weissinger 
method agrees with the slender-wing theory of Jones (ref.23) and the 
Lawrence method was designed to agree with two-dimensional results in the 
limiting case of infinite aspect ratio. It also can be shown that the 
Lomax and Sluder method agrees with two-dimensional results at infinite 
aspect ratio. It is observed therefore that because of the similarity 
of the three methods, it is not possible to assess readily their relative 
merits for estimating the lift-curve slope of low-aspect-ratio wings at 
subsonic speeds by a study of the methods alone. 


Results for the three methods just described are shown in figure h. 
It will be noted that the Weissinger and Lawrence methods give the same 
result in the range of aspect ratios of interest in this report. Тһе 
Lomax and Sluder metbod predicts a higher lift-curve slope, however. 
Since the Weissinger method has been reduced to design-chart form for & 
wide range of plan forms by DeYoung and Harper (ref. 2h), this method 
has been selected to compare and to correlate the experimental results 
in the subsonic speed range. 


Wing at supersonic speeds.- Exact solutions of the linearized 

equation for inviscid compressible flow can be found for determining 

the load distribution of thin wings at supersonic speeds. These solu- 
tions can be obtained from many sources, for example reference 25 for 
the triangular wing, reference 26 for the sweptback wing, and reference 
27 for the rectangular wing. However, for the rectangular and sweptback 
wings, the solutions at supersonic speeds entail extensive computations 
when the Mach lines from one tip intersect the opposite tip. In this 
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Speed range, approximate solutions are more satisfactory. For rectangular 
wings, the Lomax and Sluder method may be used. Ав shown in figure 4, 
this method gives results in satisfactory agreement with the Weissinger 
results at sonic speed and with the exact solutions at Mach numbers above 
those for which the tip Mach lines intersect the Opposite tip. This con- 
dition occurs when BA is greater than unity. With reference to swept- 
back wings, & method for estimating lift and lift distribution for the 
supersonic speed regime near a Mach number of 1.0 is given by Lomax and 
Heaslet (ref. 28). It can therefore be seen that no difficulty arises 

in the selection of theoretical solutions for use at supersonic Speeds. 
The sources of the solutions used in this report are those previously 
listed and, in addition, the graphs of reference 29. 


Wing-body interference.- The experimental results presented herein 
are principally for wing and body combinations. For a valid comparison 
between such results and theoretical solutions, account must be made in 
the theoretical calculations of the interference effects of the wing and 
body. The method of Nielsen and Kaattari (ref. 30) for estimating lift 
interference of wing-body combinations at supersonic speeds was used. 

In this method, the lift of the combination is obtained by finding the 
lift on the body in the presence of the wing and the lift of the wing in 
the presence of the body. The 117% on the wing, as well as the lift on 
the body for wings of small aspect ratio, is found to be determined best 
by the slender-body theory. For bodies in combination with wings of 
higher aspect ratio, a procedure is developed which is based on the 
assumption that the influence of the wing Lift on the body pressure field 
occurs only in that region enclosed by the Mach lines originating at the 
leading and trailing edges of the wing-body juncture. Tip effects are not 
considered. For the aspect ratios for which these solutions are appli- 
cable, however, the tip effects on the lift interference are either small 
or may vanish if the body does not extend any considerable distance down- 
stream of the wing trailing edge. | 


It should be mentioned that for the wing-body combinations discussed 
herein, the net effect of the wing-body interference, as given by ref- 
erence 30, is small. Тһе effects range from approximately а l-percent 
reduction in lift for the triangular wing of aspect ratio 2 to an 8- 
percent increase in lift for the rectangular wing of aspect ratio 2. 


Aerodynamic Center 


Wing alone.- In the case of the triangular wing, the position of the 
aerodynamic center for the wing alone is quite easily obtained. At super- 
sonic speeds, exact methods show the aerodynamic center to be fixed at the 
midpoint of the mean aerodynamic chord. At subsonic speeds, the three 
theoretical methods previously considered in connection with the lift 
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of low-aspect-ratio wings also present methods for predicting the location 
of the aerodynamic center of the wing. It is therefore necessary again to 
consider the approximations used in the several methods in order to select 
the method believed to be the best suited for the estimation of this 
characteristic, 


In the Weissinger method, the chordwise distribution of load is 
approximated by assuming it to have the same shape as that for a wing of 
infinite aspect ratio in order to solve the integral equation obtained 
from the lifting-surface theory. This approximation automatically 
restricts the location of the aerodynamic center to a point on the 
quarter-chord line of the wing. The aerodynamic center with respect to 
the mean aerodynamic chord is then obtained by calculating the chordwise 
projection of the distance along the quarter-chord line from the mean 
aerodynamic chord to the spanwise location of the aerodynamic center. 

Tt can be seen, therefore, that such a procedure cannot account for the 
important effects of Mach number on the chordwise position of the aero- 
dynamic center of low-aspect-ratio wings. Because of this restriction, 
the method is not considered suitable for the estimation of the aero- 

dynamic center of low-aspect-ratio wings at high subsonic Mach numbers. 


Tn contrast to the Weissinger method, the methods of Lawrence and 
of Lomax and Sluder determine the chordwise distribution of load from 
their solutions of the integral equation obtained from the lifting- 
surface theory. These methods may be in error because of the approxi- 
mation made that the spanwise load distribution is elliptical. However, 
possible differences in the span load distribution from the assumed 
elliptical load will have only а small effect on the chordwise location 
of the aerodynamic center. Thus, in these two methods, the aerodynamic 
center is based primarily on the solution of the lifting-surface theory 
and only to а minor extent on the assumptions used in obtaining the 
solutions. This circumstance leads to the conclusion that either of 
these methods is better suited to the estimation of the aerodynamic center 
of low-aspect-ratio wings than the Weissinger method. 


A comparison of the location of the &erodynamic center for triangular 
and rectangular wings, &s determined by the three methods, is shown in 
figure 5. The curves show, as might be expected from the previous dis- 
cussions, that the methods of Lawrence and of Lomax and Sluder give 
similar results and that these results are considerably different from 
those determined by the Weissinger method. Іп the present report the 
Lomax and Sluder method has been selected because it has been extended 
to include the characteristics of the triangular and rectangular wings 
at supersonic speeds also. 


For wings having plan forms other than triangular or rectangular, 
the aerodynamic center at supersonic speeds can be calculated by applying 
the results given in any of the references previously mentioned in 
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connection with the lift-curve slope in this speed range. Such results 
have been obtained from exact solutions of the linearized equation for 
inviscid compressible flow and are therefore correct within the limita- 
tions of the theory. For the theoretical results presented herein, the 
methods of reference 31 have been used. 


The methods of Lawrence and Lomax and Sluder have not been extended, 
ав yet, to permit the calculation of the aerodynamic center at subsonic 
speeds for wings having plan forms other than triangular and rectangular. 
Also, in view of the previous discussion concerning the Weissinger method, 
there is some question ав to its applicability for wings of small aspect 
ratio near & Mach number of unity. Hence, no theoretical results were 
computed for the aerodynamic center for wings having other than triangular 
or rectangular plan forms at subsonic speeds. 


Wing-body interference.- As in the case of lift-curve slope, it is 
necessary to consider the effects of wing-body interference in calculating 
the aerodynamic center. Such effects have been treated in reference 32, 
which is an extension of the aforementioned Nielsen and Kaattari method 
(ref. 30) to the case of wing-body interference on the aerodynamic center. 


In reference 32, it was shown that, in general, the aerodynamic 
center determined theoretically was behind that determined experimentally 
for a wide range of missile-type wing and body combinations. It was 
recommended, therefore, that an empirical factor be used to adjust the 
theoretical results. This recommendation, however, is based mainly on 
results for wing and body combinations in which the wing was small with 
respect to the body. There is some doubt as to whether the empirical 
factor would also apply to the cases treated herein, in which the wing 
is large with respect to the body, and therefore has not been used in 
the calculated results presented herein. 


Drag 


It is customary generally to divide the drag of a wing-body combina- 
tion into two parts. One part is considered to be independent of the 
lift on the wing and is the result of viscous forces on the wing and body 
and, in addition, at supersonic speeds, the result of pressure or thick- 
ness drag. The second part of the drag is associated with the lift on 
the wing and body. 


The estimation of that portion of the drag independent of lift is 
difficult and the methods available are not entirely satisfactory. To 
determine the viscous forces, it is necessary to ascertain the character- 
istics of the boundary layer on the surface. Often, it is assumed that 
the boundary layer on the wing is the same as on a flat plate of identical 
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plan form, and an estimation is made of the location of the region of 
transition from laminar to turbulent boundary-layer flow in order to 
calculate the viscous forces. For the purposes of this report, such 

а method would be unsatisfactory since it is dependent to such a great 
extent оп an initial assumption. The comparison would offer no means 

of assessing the accuracy of the method. Furthermore, at supersonic 
speeds, the theory for determining the wave drag has been concerned 
mainly with sharp-nose airfoils. A method has been developed for round- 
nose wings (ref. 33) but is unsuited for wings having arbitrary profiles. 
Because of these limitations, no theoretical results for the drag at zero 
lift have been included herein. 


The drag due to lift can be treated by thin-airfoil theory if it is 
considered independent of viscous forces and wing profile. In the theory, 
the drag due to lift can be subdivided into a force in the thrust direc- 
tion associated with an infinite suction pressure acting along the leading 
edge of the wing and a force in the drag direction associated with the 
streamwise component of the normal force on the wing. A discussion of 
the concept of leading-edge thrust, in the case of incompressible flow, 
is given in reference 34 and it is shown that for a flat plate of infinite 
aspect ratio, the thrust is exactly equal to the streamwise component of 
the normal force and is determined wholly by the velocity distribution in 
the immediate neighborhood of the leading edge. Similarly, for a wing of 
finite aspect ratio, the leading-edge thrust at each section of the wing 
can be related to the velocity distribution near the leading edge of the 
section. If the velocity distribution near the leading edge of the wing 
of finite aspect ratio is the same as that for the wing of infinite aspect 
ratio, an assumption used in the Weissinger method, the leading-edge 
suction at each section of the wing will be the same as that for the wing 
of infinite aspect ratio having the same Lift as the section. The stream- 
wise component of the normal force is greater for the wing of finite 
aspect ratio than that for the wing of infinite aspect ratio, however, 
since the angie of attack must be larger to counterbalance the loss of 
lift associated with the finite span. There results, therefore, a net 
force in the drag direction generally called induced drag. It can be 
seen, however, that the drag due to lift may not only be composed of this 
induced drag but also a drag resulting from a loss of leading-edge thrust 
as well. The preceding concepts are based on subsonic thin-airfoil theory. 
However, ln a similar manner, the supersonic thin~airfoil theory shows 
that a suction force along the leading edge is possible if the distribu- 
tion of velocity near the leading edge is similar to that at subsonic 
speeds. Such a distribution occurs when the leading edge is swept behind 
the free-stream Mach lines originating at the wing apex. As at subsonic 
speeds, the streamwise component of the normal force is greater than the 
suction force, resulting in a net force in the drag direction. 
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In the present report, the drag due to lift for the plane wings will 
be considered in terms of the inclination of the force due to angle of 
attack with respect to the normal to the chord as shown in sketch CE). 

This approach was selected because of its close 
association with the manner in which the drag forces 
arise on the wing, as discussed previously. Thus, 

ө the basic concepts underlying the method are of equal 
applicability at both subsonic and supersonic speeds. 
The method has an advantage in that the results can 
be obtained with accuracy and ease from the normal 
and chord force measurements taken during the inves- 


Sketch (f) tigation. 


The angle of inclination of the force F is dependent on both the 
normal force and the leading-edge thrust and, for small values, is equal 
to the ratio of the leading-edge thrust to the normal force. Since in 
the thin airfoil theory for plane wings these quantities are proportional 
to the second and first powers of the angle of attack, respectively, 6 
is also proportional to the angle of attack. Thus the rate of change of 
@ with о is constant. Experimental results, in general, also show that 
for plane wings at small angles of attack, the rate of change of @ with 
a is constant. For such results, the normal force usually agrees satis- 
factorily with theoretical results. Thus a comparison of the experimental 
and theoretical values of the ratio, @/a,8 will show, principally, the 
extent to which the chordwise force on the wing approaches the theoretical 
value for full leading-edge thrust. 


F 


In figure 6, the values of the ratio are shown for triangular anā 
rectangular wings at both subsonic and supersonic speeds. These results 
are for the wings having the full leading-edge thrust predicted by the 
theory. Furthermore, in order to simplify the calculations for subsonic 
speeds, it has been assumed that the span load distribution is elliptical 
since the value of the drag due to lift for а wing with such а distribu- 
tion and having full leading-edge thrust is well known. Since the effect 
Of the deviation from such a distribution on the drag due to lift for 
most wings is small, this assumption will have little effect on the 
significance of 0/a. At supersonic speeds, the ratio was determined 
using the expression given in reference 25 for the drsg due to lift. 


“The force due to angle of attack is the force on the wing at angle of 
attack less the force at zero lift. 


Sthe ratio @/o, сап replace the rate of change of @ with a because 
for plane wings, 0 = O at c = O. 


канатты. 


NACA RM A23A30 b اا‎ 19 


EXPERIMENTAL PROCEDURE 


Facilities 


Most of the experimental results presented herein were obtained in 
three facilities at the Ames Aeronautical Laboratory. At Mach numbers 
of 0.6 and less, the wings were investigated in the Ames 12-foot wind 
tunnel only. At Mach numbers of 1.2 and above, data were obtained in the 
Ames 6- by 6-foot wind tunnel only. Between these two ranges of Mach 
numbers, some of the wings were tested in both of these facilities and 
on the l6-foot wind-tunnel bump &s well. In addition, during the cal- 
ibration period of а 2- by 2-foot transonic wind tunnel, the unswept 
wing of aspect ratio 3 was investigated in the Mach number range from 
0.6 to 1.35 and these data are included herein. 


Reduction of Data 


А complete discussion of the methods used in reducing the wind- 
tunnel data to coefficient form and the various corrections applied to 
the results will be found in any of references 1 to lT. Therefore, only 
& brief summary of the methods will be presented herein. 


The data obtained in both the Ames 12-foot wind tunnel and the 
6- by 6-foot supersonic wind tunnel have been corrected for the following 
factors: 


l. Induced effects of the tunnel walls &t subsonic speed resulting 
from lift on the model. 


2. Тһе change in the airspeed in the vicinity of the model at sub- 
sonic speed resulting from the constriction of the flow by the 
walls. 


3. Тһе pressure at the base of the model being different from that 
for a full-scale airplane as the result of support interference 
as well as other unknown effects on the base pressure. To 
partially account for these effects, the drag coefficient was 
adjusted to correspond to that in which the base pressure would 
be equal to the free-stream static pressure. 


Data obtained in the 6- by 6-foot wind tunnel and presented herein 
were corrected for the longitudinal force on the model due to streamwise 
variation of the static pressure as measured in the empty test section. 
This correction was not applied to the subsonic data as presented in 
references 1 to 16 because of the lack of a complete static-pressure 
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survey of the tunnel at the time of publication. ‘The correction amounts E = 
to as much as 0.0010 at a Mach number of 0.93. The data obtained in the 

6- by 6-foot wind tunnel also indicated nonuniformities of the airstream 

in the plane of pitch equivalent to a stream angle of as much as O. 109 š 
for some of the models. Тһе data presented herein have not been corrected 

for this effect. 


Data presented herein which were obtained on the l6-foot wind-tunnel 
bump and in the 2- by 2-foot transonic wind tunnel have had no corrections 
applied. 


RESULTS AND DISCUSSION 


In portions of the Mach number range of the program discussed herein, 
some of the wings were tested In several facilities so that а choice of 
data for graphical presentation was possible. The general procedure has 
been to show the lift-curve slope and aerodynamic-center characteristics 
ав determined in all facilities. However, in showing the variation of u 
lift with angle of attack or of pitching moment with lift, results from 
only one facility have been used in order to avoid congestion of the fig- 
ure, the facility being chosen wherein the most complete investigation 
for the particular series of wings under discussion was made. Тһе drag 
characteristics shown for the various wings at high subsonic speeds were MS 
Obtained from tests in the 6- by 6-foot wind tunnel only, because the ч 
Reynolds number of the tests іп that facility was considerably larger 
than for corresponding tests in the 12-foot wind tunnel, and because the 
wings investigated in the l6-foot wind tunnel did not have а body in 
combination. 


With regard to the Reynolds number for the data presented graphically 
herein, the general procedure has been to present dsta at the highest ` 
Reynolds numbers for which complete даба were obtained throughout the Mach 
number range presented. However, for the lift and pitching-moment charac- 
teristics at high angle of attack, it has been necessary to use results 
obtained at the lowest Reynolds number in order that a large range of 
angles of attack could be presented. This condition arises since the lift 
on the models was restricted because of strength limitations. 


All data obtained in the 6- by 6-foot and 12-foot wind tunnels and 
discussed herein are presented in tables I to XIX. 


Effects of Aspect Ratio 


The effects of aspect ratio on triangular wings were studied through » 
experiments on three wings of aspect ratios 2, 3, and 4. А11 wings were 
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j-percent-thick, NACA 0003-63 sections (streamwise) being used for the 
wings ОҒ aspect ratios 2 and 3. The section profile of the wing of 
aspect ratio h was obtained by joining а semiellipse forward of the 
50-percent-chord station with a semibiconvex section aft. Further infor- 
mation pertaining to the geometric characteristics of these wing-body 
combinations, as well as a tabulation of the experimental data obtained 
during the investigation can be found in tables I, II, and III. 


Lift-curve slope.- The discussion of the lift characteristics of 
these wings will be directed first to the angle-of-attack range near 
zero lift, wherein tbe variation of lift with angle of attack was linear. 
А iater section will present the characteristics at high angles of 
attack. Іп figure T, experimental lift-curve slopes as influenced by 
aspect ratio for triangular wings are shown for Mach numbers between 
0.25 and 1.7, and the results are compared with theoretical estimates. 


The experimental results of figure T show а sizable effect of aspect 
ratio on the lift-curve slope of triangular wings, an increase in aspect 
ratio causing an increase in lift-curve slope through the Mach number 
range of these tests. Although the effect of aspect ratio as determined 
in each facility was nearly identical, the lift-curve slopes measured in 
the 6- by 6-foot wind tunnel between Mach numbers of O.60 and 0.93 were 
somewhat larger than those obtained in the other two facilities. The 
cause of this difference is not known. A possible explanation is the 
fact that the effective Reynolds number for the data obtained in the 
6- by 6-foot wind tunnel was considerably higher than thet in the other 
two wind tunnels because of the greater turbulence in the air stream.4 


The results of figure T indicate that the linearized theory predicted 
satisfactorily the effects of aspect ratio and Mach number on the lift- 
curve slopes over much of the subsonic speed range. However, at Mach 
numbers ranging about 1.0, the extent of the range depending on the 
aspect ratio, the agreement was less satisfactory. At s Mach number 


a ا‎ US MC Cb CN ана Е А 
“А similar difference in lift-curve slope occurred for all wings inves- 
tigated during this program in the 12-foot and 6- by 6-foot wind 


tunnels at a Mach number of 0.6, even when the nominal Reynolds numbers 
were the ваше. Іп general, the difference was greater for wings with 
round leading edges than for those with sharp leading edges. The dif- 
Тегепсе also decreased with increasing Mach number in the two cases 
where the same model was tested up to a Mach number of approximately 
0.9 in each facility. These two facts are in agreement with the pos- 
sible explanation of the difference. А sharp leading edge would promote 


premature transition and increased turbulence in the boundary layer, thus 
causing the results for such wings to be less influenced by change in 


effective Reynolds number, and with increasing Mach number the effects 
of Reynolds number would become secondary to the effects of 
compressibility. 
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near 1.0, the agreement became progressively worse with increasing aspect 
ratio. Results obtained from the investigation of the triangular wing 
of aspect ratio h with the МАСА 0005-63 section up to Масһ numbers of 
0.96 have further established this trend (ref. 3 and table XVI). Тһе 
disagreement between theory and experiment is believed attributable to 
second-order effects of the velocities induced by the wing thickness and 
lift and the possibility of shock formation in the transonic speed range. 


Тһе lack of agreement between theory and experiment in the super- 
sonic speed range шау also be considered а transonic-flow effect іп that 
the poor agreement occurred when the component of the free-stream Mach _ 
number perpendicular to the leading edge, М сов A, became sonic. For 
the triangular wings of aspect ratios 2, 3, апа L, the values of the 
free-stream Mach numbers аб М сов А = 1.0 are 2.25, 1.67, and 1.41, 
respectively. At the latter two Mach numbers, for which results are 
shown in figure 7, the lift-curve slopes for the corresponding triangular 
wings were approximately 10 percent below those predicted. by the theoret- 
ical methods. А similar effect has been observed in other investigations 
of triangular wings. Іп reference 35, the lift-curve slopes for а series 
of flat-plate triangular wings tested at a Mach number of 1.92 were also 
approximately lO percent less than predicted by theory when M cos A was 
equal to 1.0. This lack of &greement between experimental and theoret- 
ical results in the Mach number range near M cos А = 1.0 is not sur- 
prising in view of the pressure measurements made on a triangular wing | | 
of aspect ratio 4 аб supersonic speeds (ref. 36). These results showed 
that in this apparent transonic range for the triangular wing, the 
pressure distributions along transverse sections of the wing resembled 
closely those occurring on two-dimensional airfoils at transonic speeds, 
in that shock waves oblique to the free stream and pressure discontinu- 
ities occurred іп a fashion similar to the two-dimensional transonic 
results. Furthermore, the results indicated that the presence of a 
detached bow wave caused significant differences between the experimental 
and theoretical pressure distributions near the leading edge at Mach 
numbers corresponding to values of M cos A greater than 1.0, and it 
was surmised that the agreement between experimental and theoretical 
results would improve as the Mach number increased and the bow wave 
approached attachment. Such an effect was evident in the results for |. | | 
the triangular wing of aspect ratio h in figure 7. 


Тһе results of figure Т were obtained at the highest Reynolds number 
possible in each facility for the Mach number range tested. For the 
wings of aspect ratios 2, 3, and 4, results obtained in the 6- by 6-foot 
wind tunnel are at Reynolds numbers of 7.5, 4.8, апа 4.2 millions, 
respectively, and results from the l2-foot wind tunnel are at Reynolds 
numbers of 4.9, 3.1, and 2.7 millions, respectively. Тһе Reynolds numbers 
for results obtained on the 16-foot wind-tunnel bump were not constant 
but increased with Mach number from approximately 2.1 to 2.8 millions. 
The effects of Reynolds number were investigated in the 6- by 6-foot wind 
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tunnel through the Mach number range of that facility and for a range 

of Reynolds numbers commencing at approximately one third of that for 
the results of figure T. In the 12-foot wind tunnel the effect of 
Reynolds number was investigated at а Mach number of 0.25 only, and 

the range extends from that for the results of figure T to approximately 
3-1/2 times that value. Іп these ranges of Reynolds and Mach numbers, 
no significant effect of change in Reynolds number was evident in the 
slope of the lift curve through zero lift. (See tabulated data.) 


Lift аб angle of &tt&ck.- The experimental and theoretical values 
of the lift-curve slope previously discussed тәу not be applicable over 
wide ranges of lift coefficient if the variation of lift wlth angle of 
attack is nonlinear. It is therefore necessary to examine the lift 
curve, and in figure 8 a comparison of lift at angle of attack for the 
three triangular wings is shown. Results are shown at two subsonic and 
one supersonic Mach number to indicate typical effects of aspect ratio. 
The results of figure 8 are for a Lower Reynolds number than those of 
figure 7. However, in the ranges of Reynolds numbers and Mach numbers 
investigated in each facility, no significant effect of change in 
Reynolds number was evident in the lift characteristics up to lift 
coefficients of approximately 0.5, the limit for which a comparison 
could be made. 


The results of figure 8 show a nonlinear variation of lift with 
angle of attack for the triangular wings of aspect ratios 2, 3, and h, 
throughout the Mach number range. Thus there was & limit in lift coef- 
ficient to which the theoretical lift-curve slope at zero lift could be 
used to estimate the lift characteristics at angle of attack. 


The results of figure 8 show that the departure from linearity of 
the variation of lift with angle of &ttack was different аб subsonic and 
supersonic speeds. For example, at a Mach number of 0.25 the variation 
of lift with angle of attack increased with angle of attack for the wing 
of aspect ratio 2, whereas the opposite effect was noted for the wing of 
aspect ratio lh. In fact, at a high angle of attack the lift of the aspect 
ratio 2 wing was greater than that of the wing of aspect ratio 4, although 
at zero lift the variation of lift with angle of attack of the former 
wing was only about 65 percent as great as that for the latter wing. At 
& Mach number of 0.9, trends similar to those at в Mach number of 0.25 
are noted. However, the data are limited in lift coefficient so that the 
characteristics near maximum lift are not known. On the other hand, at 
supersonic Mach numbers the nonlinear behavior of lift with angle of 
attack was essentially the same for the three wings. 


Aerodynamic center.- The aerodynamic centers for the three triangular 
wings are compared with the theoretical solutions over the Mach number 
range of the program in figure 9. The Reynolds numbers of these data are 
the same as those for figure T and listed previously in the discussion 
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of lift-curve slope. Тһе experimental aerodynamic center was determined 
from the change in pitching moment with lift near zero lift. 


Тһе results shown in figure 9 have been obtained from three different 
facilities at the Ames Laboratory and, as with lift-curve slope, small 
discrepancies existed among the several sets of results. The largest 
discrepancy occurred between results obtained in the Ames 16-foot wind 
tunnel and those obtained іп the 12-foot and 6- by 6-foot wind tunnels. 
This discrepancy was probably the result of wing-body interference, 
since the data obtained in the 16-foot wind tunnel were for & wing alone, 
whereas the other data were for a wing апа body combination. 


The results of figure 9 show satisfactory agreement between the 
experimental and theoretical results at supersonic speeds. Тһе forward 
movement of the aerodynamic center with increasing aspect ratio and Mach 
number was caused by wing-body interference. Such effects are seen to be 
very small for the triangular wing and body combinations under discussion. 
The theoretical results were adjusted for these effects of wing-body 
interference by the methods of reference 32. 


At subsonic speeds, the agreement between the experimental and 
theoretical results is also seen to be quite good. It will be recalled 
that the effects of wing-body interference have not been accounted for 
in the theoretical results at subsonic speeds. The net effects of wing- 
body interference are probably small for these triangular wing and body 
combinations, as judged by the small differences between the experimental 
results for wing and body combinations and those for the wing alone, so 
that the theoretical results would probably not be affected significantly 
by the inclusion of such effects. 


The results of figure 9 show that the rearward movement of the 
aerodynamic center with increasing Mach number in the subsonic range 
became considerably larger as the aspect ratio was increased. It is 
interesting to note, however, that these data are based on the length 
of the wing mean aerodynamic chord, a length which decreases with increas- 
ing aspect ratio. If the wing area were the same for these triangular 
wings, the actual rearward travel of the aerodynamic center would have 
been nearly the same in each case. Thus the aerodynamic-center travel 
for the triangular wing of aspect ratio h would be only 14 percent greater 
than that for the wing of aspect ratio 2, in contrast to a figure of 
61 percent when the aerodynamic-center travel is expressed in terms of 
the mean aerodynamic chord. This fact would have Significance, for 
example, in comparing the effect of change in wing aspect ratio on the 
stability characteristics of an airplane in which the tail length might 
be fixed from other considerations. Other factors remaining equal, such 
& comparison would show little effect of aspect ratio on the change in 
stability of the airplane with increasing Mach number. 
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Pitching moment at angle of attack.- The aerodynamic center, ав 
determined near zero lift and discussed previously, has significance only 
if the variation of pitching moment with lift is nearly linear. It is 
therefore necessary to examine the pitching-moment characteristics at 
angle of attack for the triangular wings, amd such dats are presented in 
figure lO. 


These data show that at a Mach number of 1.53, the variation of 
pitching moment with lift was nearly linear throughout the range of lift 


coefficients investigated. This characteristic was typical of the data 
obtained at Mach numbers from 1.2 to 1.7, the supersonic portion of the 
range investigated in this program. Thus the aerodynamic center deter- 
mined near zero lift, and hence the results obtained from the theory, шау 
be used satisfactorily for the stability characteristics of the trisngu- 
lar wings over a wide range of lift coefficient at supersonic speeds. 


Similar characteristics did not occur at subsonic speeds, the 
results at а Mach number of 0.25 being extremely nonlinear, particularly 
in the case of the triangular wing of aspect ratio 4. Thus the aero- 
dynamic center determined near zero lift and, hence, the results obtained 
from the theory are not usable ав & measure of the stability of these 
triangular wing and body combinations above a lift coefficient of арргох- 
imately 0.2 at subsonic speeds. The cause of this nonlinear variation 
of pitching moment with lift has been shown in references 37 and 38 to 
be flow separation which occurs first near the tip of the wing and moves 
inboard with increasing angle of attack. 


From an inspection of the data in figure 10 at a Mach number of 
0.25, it would appear that the stability characteristics of the triangu- 
lar wing of aspect ratio 4 were considerably inferior to those of the 
wing of aspect ratio 2. For the former wing, there was a sizable 
decrease in stability with increasing Lift coefficient to approximately 
O.6 and an extreme increase in stability at higher lift coefficients. 
However, it was shown in reference 39 that a triangular wing of aspect 
ratio 4 required a horizontal tail to provide satisfactory damping-in- 
pitch characteristics at transonic speeds, whereas the characteristics 
of the triangular wing of aspect ratio 2 alone were satisfactory. This 
fact must be considered, therefore, in evaluating the effects of aspect 
ratio on the stability characteristics at low speeds. Іп reference 38 
it was shown that proper location of a horizontal tail behind a triangu- 
lar wing of aspect ratio h eliminated the decrease in stability at low 
lift coefficients and reduced the increase in stability at high lift 
coefficients exhibited by the wing alone. The resultant characteristics 
compared favorably then with the triangular wing of aspect ratio 2 alone 
or in combination with a tail (ref.40). 


Minimum drag coefficient.- The effects of aspect ratio on the minimum 
drag coefficient of triangular wings are shown in figure 11. Only data 
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at the highest Reynolds number obtained for each wing during the investi- 
gation have been included in this figure because of the sizable effects 
of Reynolds number on the minimum drag coefficient. Also а% the highest 
Reynolds number, the drag force is largest so that the balance is working 
at more nearly the design 16ad, resulting in greatest accuracy. The 
Reynolds numbers for the triangular wings of aspect ratios 2, 3, and 4 
were 16.6, 10.6, and 9.1 millions, respectively, at a Mach number of 0.25 
and 7.5, 4.8 and 4.2 millions, respectively, at Mach numbers of 0.6 and 
above. 


For the triangular wings of aspect ratios 2 and 3, the significant 
effects of Reynolds number were confined principally to the range of lift 
coefficients between -0.05 and +0.05. In this range of lift coefficients 
at Reynolds numbers less than those of figure ll, the variation of drag 
with lift resembled that for the NACA 6-series airfoil in the region of 
low drag. (See ref. 41.) However, the data at the Reynolds numbers 
shown in figure 11 did not exhibit this characteristic. Thus the minimum 
drag coefficient at a Reynolds number of approximately one third that of 
figure 11 was as much as 0.0015 less than that at the highest Reynolds 
number, whereas at lift coefficients outside the low drag range, the 
effects of Reynolds number on the drag coefficient were negligible. 


For the triangular wing of aspect ratio 4, the effects of Reynolds 
number on the drag at low lift were also significant. However, іп con- 
trast to the results for the lLower-aspect-ratio wings, the drag coeffi- 
cient showed no abrupt increase with Lift coefficient at the Lower 
Reynolds number but increased gradually and became contiguous with the 
results for the highest Reynolds number at lift coefficients which varied 
irregularly with the Mach number but were less than 0.8. Тһе largest 
increase in minimum drag coefficient with increasing Reynolds number from 
1.6 x 108 to 4.2 x.108 occurred at а Mach number of 1.6 and was approxi- 
mately 0.0015. These effects of Reynolds number on the minimum drag 
coefficient varied irregularly with Mach number; the general trend, 
however, was as described. B 


The variation with Mach number of the wave drag of а sharp-nose tri- 
angular wing, ав determined by linear theory (ref.42), shows large dis- 
continuities in slope ав the Mach number is varied in the range where the 
leading edge becomes supersonic. То the extent of the data shown in 
figure 11, there аге no indications of these discontinuities. For the 
triangular wings of aspect ratios 3 amd 4, the leading edges become 
supersonic at Mach numbers of 1.67 and 1.41, respectively. Although the 
results of figure 11 are for round-nose triangular wings, results from 
tests of a sharp-nose airfoil to be discussed in a subsequent section 
have indicated a similar characteristic. Also, in reference 35 the 
results from tests of a series of 11 sharp-nose triangular wings of 
aspect ratios from 0.70 to 4.023 and 8 percent thick have shown essen- . 
tially a linear variation of minimum drag coefficient with Mach number 
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in this range. These results therefore indicate that the existing 
linearized theory is inadequate for predicting the wave drag of trian- 
gular wings. This deficiency of the Linearized theory is believed to 
be due to the fact tbat the effect of the detached bow wave at Mach 
numbers in the region where the leading edge becomes supersonic is not 
considered by the theory. 


The results of figure 11 show that in the subsonic speed range the 
minimum drag coefficient for the triangular wings varied with aspect 
ratio. At a Mach number of 0.25, the minimum drag coefficient increased 
with aspect ratio. This characteristic is believed to be due to the 
fact that with increasing &spect ratio & smaller portion of the wing was 
enclosed within the body, resulting in ап incresse in the exposed surface 
area and the skin-friction drag. At subsonic Mach numbers above 0.6, the 
variation of minimum drag coefficient with aspect ratio was irregular, 
that for the triangular wing of aspect ratio 3 being roughly 0.001 less 
than those for the wings of aspect ratios 2 and 4. Тһе cause of this 
variation is not known but may possibly be due to differences in the 
skin-friction drag. 


The variation of minimum drag coefficient with aspect ratio at 
supersonic speeds was due primarily to the effect of aspect ratio on the 
wave drag of these triangular wings. The results indicate that this 
effect was largest ав the aspect ratio increased from 3 to Қ, It should 
be pointed out, however, that possible differences in the surface con- 
dition of the wings previously mentioned in connection with the variation 
of minimum drag coefficient at high subsonic speeds may also affect the 
drag coefficient at supersonic speeds. Thus, if the data were adjusted 
so that the minimum drag coefficient for the three wings would be 
approximately the same between Mach numbers of 0.6 and 0.9, the results 
would indicate a nearly linear increase in minimum drag coefficient with 
increasing aspect ratio. Such a characteristic is in agreement with 
the results shown in references 35 and 43. It would appear, therefore, 
that the increment of minimum drag coefficient between that at Mach num- 
bers up to 0.9 and that at Mach numbers above 1.2 shown in figure 11 
was correct for the triangular wings investigated. The skin-friction 
drag coefficient for the wing of aspect ratio 3 at Mach numbers of 0.6 
and above, however, may be as much as 0.001 less than that for the wings 
of aspect ratios 2 and 4, due to differences in the surface conditions 
of the wings. 


Drag due to lift.- The drag due to lift is a function of the lift of 
the wing, the lift-curve slope, and the relative inelination of the force 
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vector, as indicated in the following expression? for the drag coefficient 


due to lift: 
1- (Ө 
De eoa in CL (8) 


Since the lift characteristics of these triangular wings have been pre- 
Sented previously, the present sections will be concerned primarily with 
the inclination of the force vector. 


The effects of aspect ratio on the ratio of the angle between the 
force vector and the normal to the wing chord, Ө, to the angle of attack, 
о, are shown in figure 12. Тһе experimental data presented are for the 
highest Reynolds number obtained for each wing during the investigation. 
The Reynolds numbers for these data are the same as those of figure ll. 

In general, an increase in Reynolds number within the limits of the 
present test caused & small increase in the value of o/a. Also, at 
supersonic speeds, the values 0 /a, shown are applicable up to Lift 
coefficients of the order of 0.5, the limit of the tests. At subsonic 
speeds, however, values of o/a presented are appiicable oniy to 
approximately the lift coefficient for maximum lift-ärag ratio. At higher 
lift coefficients, the values of O0/a showed an abrupt decrease, becoming 
approximately equal to the value &t supersonic speed. This decrease is 
probably associated with the onset of the vortex-separation type of flow 
characteristic of triangular wings. 


Included in figure 12 are values of O0/a ав determined from thin- 
airfoil theory. Ав indicated, the experimental results show little 
resemblance to the theoretical results. It will be recalled, however, 
that the results at subsonic speeds were obtained under the assumption 
that the span load distribution was elliptical in order to simplify the 
calculations. Hence, а small part of the discrepancy may be the result 
of a difference in the span load distribution. At supersonic speeds, no 
assumptions beyond those implicit in linear theory were required in making 
the calculations. The discrepancy between experimental and theoretical 
results must be attributed entirely, therefore, to & deficiency in the 
thin-airfoil theory ав applied to the calculation of drag due to lift. 
Hence, it must be concluded that for thin triangular wings the drag due 
to lift cannot be predicted accurately by available theoretical methods. 
In general, it арреагв that for supersonic speeds, it is more accurate to 
base calculations on the assumption that the net force on the airfoil due 
to angle of attack is normal to the chord line than to use available 
theoretical methods. 


5The expression is restricted to plane wings having а linear variation 
of lift with angle of attack. Тһе units of lift-curve slope аге per 
radian in this expression. 


qeRMEBENTILI.- 


NACA RM AD3A30 Gee TDENTIBR 29 


Although somewhat irregular at the high subsonic speeds, the general 
trend of the results indicates that Ө /« decreased with increasing aspect 
ratio. The value of 0 fa., in effect, represents the decrease in the drag 
due to lift from that experienced by the wing if the force vector were 
normal to the chord. Hence, the drag due to 1ift for thin triangular 
wings is not influenced predominantly by these effects of aspect ratio. 
Rather, the primary influence of aspect ratio on the drag due to lift is 
felt through its effect on the variation of lift with angle of attack. 


Maximum lift-drag ratio.- When the variation of drag with lift is 
parabolic, as shown by the results for these triangular wings at low lift 
coefficients, the maximum lift-drag ratio and the lift coefficient at 
maximum lift-drag ratio can be expressed as follows: 


L 
o 
_ / Comin (dorae) 
"Lopt I 1 - (ө/а) n 


Such expressions are helpful in the discussion of the maximum lift-drag 
ratios and corresponding lift coefficients for the triangular wings 
shown in figure 13. As with previous data concerned with the drag of 
the wing-body combinations, the results shown in figure 13 are for the 
highest Reynolds number obtsined for each wing during the investigation. 


аст /da 


Gp li = (6731 (3) 


Myre 


The results of figure 13 indicate no consistent trend of maximum 
lift-drag ratio with increasing aspect ratio in the Mach number range of 
the investigation. At subsonic speeds, the maximum lift-drag ratio 
increased with aspect ratio. This characteristic could be expected in 
light of equation (9) from the fact that the variation of minimum drag 
coefficient and O/a with aspect ratio was small, whereas the increase 
in lift-curve slope with increasing aspect ratio was large. As previously 
mentioned, however, the minimum drag coefficient was smallest for the 
wing of aspect ratio 3 between Mach numbers of 0.6 and 0.93, which would 
account for the maximum lift-drag ratio of this wing being nearly as 
large as that of the wing of aspect ratio 4 in this range. Іп the super- 
sonic speed range of these investigations, the triangular wing of aspect 
ratio 3 exhibited the highest maximum lift-drag ratio. This character- 
istic indicated that the increase in lift-curve slope had a greater effect 
on maximum lift-drag ratio than the increase in minimum drag coefficient 
as the aspect ratio was increased to 3. However, for aspect ratio greater 
than 3, the opposite effect occurred. It should be mentioned that had the 
variation of minimum drag coefficient with aspect ratio been more linear, 


30 APPEL A. МАСА RM A53A30 


as discussed previously in connection with the drag of these triangular 
wings, the maximum lift-drag ratio of the wing of aspect ratio 3 would 
be less than shown in figure 13 and would be approximately that of the 
wing of aspect ratio 4. 


It was previously shown that at supersonic speeds, the increase of 
lift-curve slope with aspect ratio decreased with increasing Mach number, 
and it might be expected from theoretical considerations that the lift- 
curve slopes of these triangular wings at Mach numbers above approximately 
2.3 would be the same. However, the variation of minimum drag coefficient 
with aspect ratio did not change significantly with Mach number. These 
facts would indicate that the wing having the lowest minimum drag 
coefficient, the wing of aspect ratio 2, would tend to have the highest 
maximum lift-drag ratio as the Mach number increased. Such а tendency 
is evident from figure 13, although the Mach number at which it would 
be expected that the highest maximum lift-drag ratio was obtained by the 
wing of smallest aspect ratio is outside the range of the investigation. 


The lift coefficient for maximum lift-drag ratio showed а consistent 
increase with increasing aspect ratio throughout the Mach number range of 
the investigation. Ав can be seen from equation (10), this variation is 
consistent with the previously noted behavior of lift-curve slope, min- 
imum drag coefficient, and Ө/а. 


Effects of Type of Plan Form 


The effects of type of wing plan form were investigated with two 
groups of wings, one of aspect ratio 2 and the other of aspect ratio 3. 
Plane wings, 3 percent thick, were used for both series of wings. Ап 
NACA 0003-63 airfoil section was used for the triangular wings. The 
unswept and sweptback plan forms in each aspect-ratio group had а bicon- 
vex section. Further information pertaining to the geometry of the wings 
of aspect ratio 3 ав well as tabulated data obtained during the investi- 
gation can be found in tables II, IV, and V. Similar information for the 
wings of aspect ratio 2 is contained in tables I, VI, and VII. Іп addi- 
tion, a more complete discussion of the characteristics of the wings of 
aspect ratio 2 is given in reference 44. 


Several of the wings having the biconvex section were also investi- 
gated with round-nose sections and will be discussed in a subsequent sec- 
tion of this report. It is sufficient at this time to say that the effect 
of such differences in section on the lift and pitching-moment character- 
istics was not significant. In general, however, the drag characteristics 
of the wings with biconvex sections were better than those with round- 
nose sections at high supersonic speed, indicating that such a section 
would be preferable for airplanes with wings having small leading-edge 
sweep and for which the attainment of high speeds of the order of М = 2 
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was desired. It was for this reason that the type of profile, that is, 
round or sharp nose, was not the same for all wings in the present 
grouping, and the wings of 45° sweepback or less have the biconvex 


section. 


Liftecurve slope.- The lift-curve slope for the wings under discus- 
sion is shown in figure 14. Again, the results shown are for the highest 
Reynolds number obtained in each facility for the Mach number range 
tested. For the triangular, sweptback, and unswept wings of aspect ratio 
3, the results obtained in the 6- by 6-foot wind tunnel are at Reynolds 
numbers of 4.8, 3.8, and 2.4 millions, respectively, and results from the 
l2-foot wind tunnel are at Reynolds numbers of 3.1, 2.5, and 2.4 millions, 
respectively. Results obtained in the 2- by 2-foot wind tunnel are at a 
Reynolds number of 1.5 million. The Reynolds number of the data obtained 
on the 16-foot wind-tunnel bump increased from 2.1 to 2.8 millions with 
increasing Mach number for the triangular wing of aspect ratio 3, and 
from 1.9 to 2.5 millions for the unswept wing of aspect ratio 3. For the 
triangular, sweptback, and unswept wings of aspect ratio 2, results 
Obtained in the 6- by 6-foot wind tunnel are аб Reynolds numbers of 7.5, 
4.8, and 4.4 millions, respectively. Data obtained for the triangular 
wing of aspect ratio 2 in the 12-foot wind tunnel аге at а Reynolds 
number of 4.9 million and those obtained on the 16-foot wind-tunnel bump 
are at Reynolds numbers between 2.1 million and 2.8 million. The Reynolds 
number of the data for the unswept wing of aspect ratio 2 obtained on the 
l6-foot wind-tunnel bump varied with Mach number from 1.8 to 2.0 millions. 


А comparison of the theoretical апа measured lift-curve slopes for 
the wings under discussion (fig. 14) indicates satisfactory &greement 
over much of the Mach number range of the investigation. Іп general, in 
the Mach number range near unity, the trend of the experimental results 
was different from that predicted by the theory. However, these differ- 
ences may be due, in part, to deficiencies in the experimental results 
since it will be noted that for the unswept wing of aspect ratio 3, as 
yet unpublished results obtained in the 2- by 2-foot transonic wind 
tunnel were in better agreement with the theoretical trends at Mach. 
numbers near unity than those obtained on the 16-foot wind-tunnel bump. 


Considering the effects on lift-curve slope of the sweepback of the 
leading edge at constant aspect ratio and taper ratio, the results for the 
wings of aspect ratio 3 at subsonic speeds indicated a decrease in lift- 
curve slope with increasing sweepback. This trend conforms with the 
predictions of reference 2h, although in that reference the angle of 
sweep for maximum lift-curve slope was shown not to be zero, but varied 
from & small angle of forward sweep to a small angle of sweepback as the 
aspect ratio and taper ratio were decreased. The same trend was evident 
at low supersonic speeds. However, with increasing Mach number, the 
effect of sweep diminished until at a Mach number of 1.7, the limit of the 
data, the lift-curve slopes for the sweptback and unswept wings were the 
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same. At higher Mach numbers, it would be expected that the lift-curve 
slope of the sweptback wing would be slightly higher because of the 
smaller portion of the wing influenced by the tip Mach cone. 


The same general effects of sweepback on the lift-curve slope were 
&lso evident in the results for the sweptback and unswept wings of 
aspect ratio 2. These effects are altered to а small extent, however, 
by the fact that the taper ratio was not the same for both wings. 


The theoretical results indicate that at a Mach number of 1.0, the 
lift-curve slope for these wings of aspect ratios 2 and 3 is a function 
only of aspect ratio, the small differences shown in figure 14 being the 
result of differences in wing-body interferences. Ав previously indi- 
cated, the experimental results did not confirm this prediction. The 
theoretical results also indicate that in the supersonic speed range, 
the effects of plan form and aspect ratio decrease with increasing Mach 
number, and that at sufficiently high Mach number, the lift-curve slopes 
of the wings will be nearly the same. Тһе trend of the experimental 
results tended to confirm this latter prediction. 


Lift at angle of attack.- The effects of wing plan form on the lift 
at angle of attack are shown in figure 15 for the wings of aspect ratio 
3 at two subsonic and one supersonic Mach number. Lack of data at a 
Mach number of 0.25 prevented making а comparable plot for the wings of 
aspect ratio 2. 


The variation of lift with angle of attack was somewhat nonlinear 
for the wings Of aspect ratio 3, and thus there is в limit to which the 
experimental or theoretical lift-curve slope at zero lift may be used to 
estimate the lift characteristics at angle of attack. 


In the subsonic speed range, the most pronounced effect of wing 
plan form on the lift characteristics occurred at high angles of attack. 
А comparison of the results for the sweptback and unswept plan forms, 
in which the primary plan-form difference is sweepback of the leading 
edge, shows that the variation of lift with angle of &ttack became less 
abrupt as the sweepback was increased. The results for the triangular 
wing, the wing having the greatest sweepback of the leading edge, 
further established this trend, although in this case the taper ratio 
of the wing is different from that of the other wings. Further evidence 
that the sweep of the leading edge was the primary factor affecting the 
lift characteristics at high angle of attack is offered by a comparison 
between the data for the sweptback plan form in figure 15 and those for 
the triangular wing of aspect ratio 4 in figure 8. For both wings, the 
sweep of the leading edge is the same. The data indicate that the lift 
characteristics at high angles of attack were very similar for both wings 
at & Mach number of 0.25. | | à 
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In the case ОҒ the unswept wing, the abrupt change in lift variation 
with angle of attack can be delayed to а higher angle by use of a leading- 
edge flap (ref. 45). Cambering the wing near the leading edge should 
offer similar improvements, although such a modification may cause an 
increase in the minimum drag coefficient, particularly at supersonic 
speeds. 


Aerodynamic center.- The aerodynamic center in percent of the mean 
aerodynamic chord is shown for the wings of aspect ratios 2 and 3 in 
figure 16. The Reynolds numbers for these data are the same as pre- 
viously listed in connection with the lift-curve slope of these wings. 
In general, these results have been obtained from the variation of the 
pitching-moment coefficient with lift coefficient through zero lift. 
However, in the Mach number range from 0.7 to 0.9, the variation of 
pitching-moment coefficient with lift coefficient through zero lift was 
somewhat nonlinear for the sweptback and unswept wings. The nonlinear 
variation of pitching-moment coefficient was influenced significantly by 
Reynolds number, but was smallest at the highest Reynolds number of the 
investigation. In this range of Mach numbers, the aerodynamic center for 
the sweptback and unswept wings was determined, therefore, from the 
variation of pitching-moment coefficient with lift coefficient outside 
the region of the nonlinearity. Because of the decrease in the non- 
linearity with increasing Reynolds number, it is believed that the 
results so obtained are representative of full-scale wings. 


The results shown in figure 16 are compared with theoretical pre- 
dictions except at subsonic speeds in the cases of the sweptback wings 
of aspect ratios 2 and 3 and the unswept wing of aspect ratio 3 since, 
as previously mentioned, there is some question as to the applicability 
of the methods of reference 24 to the prediction of aerodynamic-center 
position for low-aspect-ratio wings at high subsonic speeds. At super- 
sonic speeds, the theoretical predictions have been corrected for the 
effects of wing-body interference. The data indicate that at supersonic 
speeds, the agreement between theoretical and experimental results was 
good when the wing leading edge was swept behind the Mach cone from the 
wing apex (subsonic leading edge). This condition existed throughout | 
the test range for the triangular wing of aspect ratio 2, up to a Mach 
number of 1.67 for the triangular wing of aspect ratio 3, and up to a 
Mach number of 1.li for the sweptback wings of aspect ratios 2 and 3. 
For the wings having leading edges supersonic, the agreement between the 
theoretical and experimental results was not good. 


The cause of this discrepancy between experimental and theoretical 
values of the aerodynamic center has been discussed in reference 46. Іп 
that reference it w&s shown that for wings with supersonic leading edges, 
both the higher-order pressure effects neglected in the linearized 
theory and fluid viscosity caused. the aerodynamic center to be farther 
forward than indicated by the linear theory. For wings with subsonic 
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leading edges, the results of reference 46 showed that the aerodynamic 
center determined experimentally was aft of that determined from linear 
theory. Іп such cases, it is probable that the neglected higher-order 
effects tend to move the aerodynamic center aft, whereas viscous effects 
again tend to move the aerodynamic center forward of that determined 
from linear theory. Such compensating effects would result in the better 
agreement between theory and experiment for wings with subsonic leading 
edges shown in figure 16. 


Тһе results presented herein also indicate that а possible factor 
contributing to the poor agreement between experimental and theoretical 
values of the &erodynamic center is the inability of the theory to 
predict accurately the lift distribution in the vicinity of the tips. 

It was shown in figure 9 that the agreement between theory and experiment 
was good in the case of the triangular wing of aspect ratio h throughout 
the supersonic Mach number range of the test. For this wing, the leading 
edges are supersonic above a Mach number of 1.4. Furthermore, the taper 
ratio of the wing is zero. In contrast, the wings of figure 16 have 
taper ratios of 0.33 or greater and, as previously stated, show poor 
agreement between theory and experiment when the leading edges were 
supersonic, 


Another possible factor contributing to the discrepancy between theory 
and experiment shown in figure 16 may be an incomplete accounting for 
wing-body interference effects. The methods of reference 32 do not 
account entirely for such effects, as evidenced by the recommendation in 
that reference that an empirical factor be used in the theoretical 
computations which moves the aerodynamic center determined theoretically 
forward. Although, in general, such a factor would bring the results of 
figure 16 into better agreement, it has not been used because the results 
from which it was determined were obtained with wing-body combinations 
having wings small with respect to the body. Further evidence that wing- 
body interference effects tend to move the aerodynamic center forward is 
shown in figure 16 by a comparison between results from the 6- by 6-foot 
and l2-foot wind tunnels and those from the 16-foot wind-tunnel bump. 

A body was used in conjunction with the wings tested in the former 
facilities, whereas the wing alone was investigated in the latter facility. 
The data of figure 16 show that the aerodynamic center of the wing and 
body combinations is consistently forward of that for the wing alone. 


The results of figure 16 show that the over-all travel of the 
aerodynamic center with variation in Mach number was reduced by increase 
in leading-edge sweep. If the wing areas were the same, the aerodynamic- 
center travel expressed in feet would also indicate the same character- 
istic. Furthermore, the aerodynamic center for the unswept wings moved 
forward with increasing Mach number at subsonic speeds, whereas for the 
sweptback and triangular wings it moved continuously rearward. This 
latter effect has increased significance when the contribution of a 
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horizontal tail to the stability characteristics is considered. А11 the 
wing plan forms shown in figure 16 with the possible exception of the 
triangular wing of aspect ratio 2 will probably be used in combination 
with а horizontal tail to provide control as well as damping іп pitch 

at transonic speeds. The results of references 17 to 50 indicate that 
for both triangular and unswept plan forms, the'stability contribution 
of the tail will be а minimum at а Mach number near 0.9 because of the 
variation of the parameter dc/do with Mach number. Thus, the effect 
of the horizontal tail on the aerodynamic center would be to cause a 
forward movement with increasing Mach number to approximately 0.9 and 
then a rearward movement with further increase in Mach number. Such an 
effect would increase the over-all aerodynamic-center travel with 
variation in Mach number for the unswept wings but would have little or 
no influence in the cases of the sweptback and triangular wings. An 
estimation of the magnitude of this effect was made for the unswept and 
triangular wings of aspect ratio 3 having the same wing area, a tail 
area, equal to 20 percent of the wing area, and a tail length in each 
case equal to twice the mean aerodynamic chord of the unswept wing. The 
results showed that the actual travel of the aerodynamic center for the 
unswept wing and body was approximately 16 percent greater than that for 
the triangular wing and body, whereas a corresponding value for the 
wing-body-tail combinations was approximately 31 percent. 


Pitching moment at angle of attack.- The variation of pitching- 
moment coefficient with lift coefficient for the wings of aspect ratio 
3 is shown in figure 17 at two subsonic Mach numbers and at a Mach 
number of 1.5. For the wings of aspect ratio 2, no data were obtained 
at a Mach number of 0.25 so that a comparable figure is not shown for 
these wings. 


The results show that the variation of pitching-moment coefficient 
with lift coefficient was nearly linear over the lift-coefficient range 
of these investigations at a Mach number of 1.5. This characteristic 
was evident throughout the range of supersonic Mach numbers investigated 
for these wings of aspect ratio 3 as well as the wings of aspect ratio 2. 
Furthermore, in the range of Reynolds numbers between those for the 
results in figure 17 at a Mach number of 1.5 and approximately 2-1/2 
times those values, no appreciable change in the characteristics was 
evident up to lift coefficients of approximately 0.4, the limit of the 
data. 


At a Mach number of 0.25, the results show that the variation of 
pitching-moment coefficient with lift coefficient was linear only to a 
lift coefficient of approximately 0.3. At higher lift coefficients, 
the data show that increase in leading-edge sweep increased the lift 
coefficient at which the stability of the wing suddenly increased. That 
leading-edge sweep is the primary factor affecting these characteristics 
at high angles of attack is again indicated by a comparison between the 
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results for the sweptback wing and those for the triangular wing of 
aspect ratio 4 (fig. 10). Тһе sweepback of the leading edge is 45° 
in both cases, and the results show that the region of extreme stability 
occurred at а lift coefficient of approximately 0.85 in both cases. 


These wings of aspect ratio 3 were investigated at а Mach number of 
0.25 over а range of Reynolds numbers to approximately 3-1/2 times the 
values for the results in figure 17. None of these wings showed any 
Significant effect of Reynolds number up to а lift coefficient of approx- 
imately 0.8, the limit of the comparison. 


The results presented for a Mach number of 0.91 show the slight 
discontinuity or nonlinearity in the variation of pitching-moment 
coefficient with lift coefficient at zero lift for the unswept wing and, 
to a lesser extent, for the sweptback wing. This characteristic was 
referred to previously in connection with the aerodynamic center for the 
sweptback and unswept wings and it will be noted, as mentioned then, 
that the effect is confined to a small range of lift coefficients. 
Furthermore, the severity of the discontinuity or nonlinearity reduced 
with increasing Reynolds number, suggesting that the characteristic 
may not be present at full-scale Reynolds number. 


Drag coefficient at zero lift.- Because of the previously mentioned 
effects of Reynolds number on the drag at zero lift for triangular wings, 
& comparison of such data for these wings of various plan forms will be 
made at the highest Reynolds number obtained during the investigation. 
The Reynolds numbers for the triangular, sweptback, and unswept wings of 
aspect ratio 3 were 10.6, 8.4, and 8.3 millions, respectively, at a 
Mach number of 0.25, and 4.8, 3.8, and 2.4 millions, respectively, at 
Mach numbers of 0.6 and above. For the triangular wing of aspect ratio 
2, the Reynolds number was 16.6 million at a Mach number of 0.25. 

At Mach numbers of 0.6 and above, the Reynolds numbers for the triangular, 
sweptback and unswept wings of aspect ratio 2 were 7.5, 4.8, and 4.4 
millions, respectively. During the program, the effects of Reynolds 
number on the characteristics of the sweptback and unswept wings were 
investigated also. These effects on the drag at zero lift were not as 
consistent with variation of Mach number as were those for the triangular 
wings. In general, however, the drag at zero lift increased slightly 
with Reynolds number. 


A comparison of the drag coefficient at zero lift for the wings of 
various plan forms is shown in figure 18. It should be emphasized that 
the airfoil sections are not the same for each plan form shown, the 
triangular wings having the NACA 0003-63 section and the remaining wings 
having biconvex sections. In a subsequent section, the effects of modi ~ 
fying the biconvex sections forward of the midchord to have & round lead- 
ing edge will be discussed. It will be shown that, at a Mach number of 
1.2, the effect of modifying the biconvex sections on the minimum drag 
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coefficient was small. Hence, the differences in minimum drag coeffi- 
cient &t & Mach number of 1.2 shown in figure 18 are due primarily to 
plan-form effects. Тһе results show that increase іп leading-edge sweep 
caused a decrease in minimum drag coefficient for wings of aspect ratios 
2 and 3. With increase in Mach number, the effects of airfoil section 
became of greater importance. Thus, the wings of lesser sweep indicated 
а greater reduction in minimum drag coefficient with increasing Mach 
number, an effect probably due to the attachment of the bow wave to the 
sharp leading edges of the wings of lesser sweepback with a consequent 
reduction in wave drag. It is of interest to note that because of the 
attachment of the bow wave, the minimum drag coefficient for the unswept 
wing of aspect ratio 3 was the smallest of those presented in figure 18 
above a Mach number of 1.6. 


The results of figure 18 give indications that the minimum drag 
coefficient may decrease with increasing taper. А comparison of the 
results for the unswept wings of aspect ratios 2 and 3 shows that 
although the variation of drag coefficient at zero lift with Mach number 
was similar for both wings and was characteristic of wings having sharp 
leading edges with little or no sweepback, the drag coefficient for the 
wing of aspect ratio 2 was approximately 0.0020 larger than that for the 
wing of aspect ratio 3 throughout the Mach number range. This difference 
in drag coefficient is believed not to be due to the difference in aspect 
ratio, since the results of reference 51 have shown а slight increase in - 
drag coefficient with aspect ratio for rectangular wings. The greater 
Sweep of the leading edge, in the case of the wing of aspect ratio 3, is 
also believed not to be the cause, since that effect would not explain 
the drag difference аб subsonic speeds. Another indication of the 
detrimental effect of small taper is provided by а comparison between 
the minimum drag coefficient for the triangular wing of aspect ratio 4 
(fig. 11) and the sweptback wing of aspect ratio 2. The minimum dreg 
coefficient was less for the triangular wing than for the sweptbackE wing 
up to а Mach number of 1.5, an effect particularly noticeable at а Mach 
number of 1.2 where the difference was approximately 0.0020. 


Drag due to lift.- The effects of plan form on the value of the 
criterion of drag due to lift for wings of aspect ratios 2 and 3 are 
shown in figure 19. These data were obtained at the highest Reynolds 
numbers of the investigations. The Reynolds numbers were given pre- 
viously in connection with the minimum drag coefficient of these wings. 
The effects of Reynolds number were small, however, в slight increase 
in ofa resulting from an increase in Reynolds number over the range 
investigated. As for the triangular wings discussed previously, the 
values of 0 fa. in figure 19 are applicable at supersonic speeds up to 
lift coefficients of approximately 0.5, the limit of the data. At sub- 
sonic speeds, the values of 0 fa, presented are applicable only to lift 
coefficients near those for maximum lift-drag ratio. At higher lift 
coefficients 0/o., in general, showed an abrupt decrease. 
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The data of figure 19 show, as in the comparison previously made 
for the triangular wings, that the experimental values of 0/о had little 
resemblance to results obtained from the thin-airfoil theory at super- = 
sonic speeds or to those obtained assuming an elliptical span load dis- | КИР 
tribution at subsonic speeds. Hence, it must be concluded that for 
thin wings of Low aspect ratio, the drag due to lift cannot be predicted 
accurately by available theoretical methods. 


A comparison of the results for the sweptback and unswept wings in 
figure 19 indicate that for wings having the same taper ratio, an increase 
in sweepback of the Leading edge increased the value of ө/о аъ super- | = 
sonic speeds. Such а characteristic is affected considerably by factors 
other than leading-edge sweepback, however, as shown by & comparison of 
the results for the sweptback wing with those for the triangular wing 
of aspect ratio h in figure 12 (both wings having leading edges swept back 
159). Тһе sweptback wing had & value of 0 /а, of roughly twice that for 
the triangular wing. Although the former wing had а sharp leading edge 
and the latter wing had a round leading edge, data discussed in а sub- 
sequent section will show that such a difference in profile had no effect 
on the results for the triangular wing. MS 

Maximum lift-drag ratio.- A comparison of the maximum lift-drag 
ratio for the wings of different plan form (fig. 20) shows that no single 
plan form was superior throughout the Mach number range of the investi- 
gation. For the wings of aspect ratio 2, the triangular plan form was | 
guperior over the major portion of the test range, а result associated _ 
with the minimum drag coefficient. For the wings of aspect ratio 3, the 
maximum Lift-drag ratios of the triangular and sweptback wings were " 
nearly the same throughout the Mach number range of the investigation and | 
were superior to the unswept wing except at Mach numbers above 1.6 and _ й _ 
near O.9. Thus, in spite of the fact that the minimum drag coefficient _ 
for the sweptback wing was considerably greater than that for the unswept 
and triangular plan forms through most of the supersonic range, the larger 
value of lift-curve slope for the swept wing, in comparison with that for 
the triangular wing, and larger value of Ө/а, in comparison with that 
for the unswept wing, resulted in the sweptback wing comparing quite 
favorably with the other plan forms in regard to maximum lift-drag ratio 
and drag coefficient at higher Lift coefficients. 


The Reynolds numbers for the data presented in figure 20 were the 
same as those for the data in figures 18 sand 19. " 


Effects of Thickness 


The effects of wing thickness on the lift, drag, and pitching-moment қ 
characteristics were investigated with three. triangular wings of aspect 
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ratio 2 with thicknesses of 3, 5, and 8 percent of the streamwise chord. 
These wings employed the NACA OOOX-63 airfoil sections. Further infor- 
mation pertaining to the geometric characteristics of these wings of 

3-, 5-, and 8-percent thicknesses and a tabulation of wind-tunnel data 
obtained during the investigation can be found in tables I, VIII, and 
IX, respectively. | 


Lift and pitching moment.- No data are presented showing the lift- 
curve slope amd aerodynamic-center position near zero lift for the three 
triangular wings since а comparison of the data showed almost no effects 
of wing thickness on these characteristics. Hence, the previous discus- 
sion of such characteristics for the 3-percent-thick wing applies to the 
thicker wings as well. 


The variation of pitching moment with lift and, to а lesser extent, 
the variation of Lift with angle of attack were influenced at lift coef- 
ficients above approximately О.А by the thickness of the wing. А 
comparison of such characteristics is shown іп figures 21 and 22 pre- 
senting the variation of lift coefficient with angle of attack and of 
pitching-moment coefficient with lift coefficient at three subsonic 
Mach numbers and at a Mach number of 1.53. It will be noted that the 
main differences in the pitching-moment characteristics due to wing 
thickness are confined to the subsonic speed range. The results shown for 
a Mach number of 1.53 are typical of those obtained in the supersonic 
speed range and indicate nearly identical characteristics for the three 
wings throughout the lift-coefficient range. 


At a Mach number of 0.25, tbe effects of thickness on the pitching- 
moment characteristics were very pronounced. The results for the 3- 
percent-thick wing show a large decrease in slope of the pitching-moment 
curve between lift coefficients from О.Н to 0.5 and then a slight increase 
at higher lift coefficient. For the 5-percent-thick wing, the stability 
decreased only to that of the 3-percent-thick wing at the high lift 
coefficients. For both wings, the lift-curve slope increased in these 
regions of reduced stability. However, the results for the 8-регсеп%- 
thick wing show neither the increase in lift-curve slope nor the decrease 
in stability indicated by the thinner wings. 


Of equal importance, were the effects of thickness at Mach numbers 
above 0.25. А those speeds, the results for the 5-percent-thick wing 
show a sudden decrease in stability between Lift coefficients of approx- 
imately 0.45 and 0.55 at a Mach number of 0.60 and between 0.6 and 0.7 
at a Mach number of 0.9. For the 3-percent-thick wing, data at high lift 
coefficients were available only at a Mach number of 0.6, and these data 
showed. that the region of reduced stability occurred between lift coef- 
ficients of 0.9 and 1.0. In contrast to the effect at a Mach number of 
0.25, the lift-curve slope decreased in the region of reduced stability 
at the higher Mach numbers. Furthermore, the data indicate that the 
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Lift coefficient at which the region of reduced stability occurred 
increased with Mach number. 


Neither the flow phenomena associated with the region of reduced в 
Stability nor the reasons for the large effects of wing thickness on such 
phenomena are understood at present. It is believed that these stability 
characteristics are associated with the vortex-separation type of flow 
existing near the leading edge of low-aspect-ratio triangular wings 
which is influenced more by the shape of the airfoil section near the 
leading edge rather than by merely the leading-edge radius or thickness 
of the section (see ref. 37). 


The regions of reduced stability occurring at subsonic speeds, 
because of the nonlinear character of the pitching-moment curves, are 
of considerable importance since the results show the minimum static 
margin for these wings was determined thereby. Some research has been 
devoted to eliminating this region of reduced stability. Unpublished 
data from tests of a triangular wing of aspect ratio 2 in the Ames 
6- by 6-foot supersonic wind tunnel have shown that leading-edge-chord 
extensions tend to eliminate the nonlinear pitching moments &t high 
subsonic speed. 


The data of figure 22 indicate an apparent effect of thickness on 
the stability characteristics at а Mach number of 0.9. Above а lift 
coefficient of approximately 0.2, the stability of the 3-percent-thick м 
wing was greater than that of the thicker wings. Тһе results shown 
for the 3-percent-thick wing at a Mach number of 0.9 in figures 21 and 
22 were obtained in the 6- by 6-foot supersonic wind tunnel, however, à 
whereas the remainder of the data at subsonic speeds was obtained in the 
l2-foot wind tunnel. It is possible that because of the large size of 
the triangular wings of aspect ratio 2, in comparison with the size of 
the 6- by 6-foot wind tunnel, the characteristics of the wings were 
influenced by unknown constriction effects of the tunnel wall at the 
high lift coefficients and а Mach number of 0.9. Such an effect would 
explain the large differences in the stability of these wings above a 
lift coefficient of approximately 0.2 at a Mach number of 0.9. 


The data presented in figures 21 and 22 were obtained at a low 
Reynolds number. At Mach numbers above 0.25, the effects of Reynolds 
number on the stability characteristics of these wings in the region of 
reduced stability could not be determined in this investigation because 
of the restricted range of lift coefficient at high Reynolds number. At 
& Mach number of 0.25, it was possible to test these wings at a Reynolds 
number approximately 3-1/2 times greater than that for the data presented. 
The stability characteristics of the wings at the higher Reynolds number 
were essentially the same as shown in figure 22. 
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Minimum drag coefficient.- A primary purpose for investigating a 
series of wings differing only in thickness was to ascertain the effects 
of thickness on the drag characteristics of the wings. The drag data 
for these wings are therefore presented in figure 23. Results for the 
8-percent-thick wing at Mach numbers between 0.6 and 0.9 were obtained 
only &t & low Reynolds number and, therefore, are not shown since the 
data presented were obtained at а Reynolds number of 6 million or greater. 


As expected, the results indicate a large increase in minimum drag 
coefficient at supersonic speeds with increasing thickness. Furthermore, 
ав indicated by the linearized theory, the increase in minimum drag coef- 
ficient was proportional to the square of the thickness ratio. The 
constant of proportionality was less, however, than indicated by the 
the theoretical results of reference 42 for a triangular wing of aspect 
ratio 2 and having a double-wedge section with maximum thickness at 
30 percent of the chord. The experimental results showed a decrease 
in the constant from 2.0 to 1.6 between Mach numbers of 1.3 to L.T, 
whereas the theoretical results show an increase from 2.1 to 3.3 in the 
same range of Mach numbers. 


It is interesting to note that, if the data at supersonic speeds 
are extrapolated to a wing of zero thickness, the resultant minimum drag 
coefficient is approximately 0.0010 greater than the results at subsonic 
speeds. This drag increment can be accounted for by the wave drag of the 
body. With these data as a guide, it would appear that the viscous drag 
for the wings in this program was essentially independent of Mach number 
and that the variation of drag with Mach number was caused entirely by 
Wave drag. 


Drag due to lift.- The results of figure 23 presenting the quantity, 
e/a, indicate that increasing the section thickness and, hence, the 
leading-edge radius reduced the drag due to lift. Between Mach numbers 
of 0.6 and 0.9, an increase in thickness from 3 to 5 percent of the chord 
approximately doubled the value of @/a. Since the lift-curve slope and 
minimum drag coefficient were approximately the same for these wings in 
this range of Mach numbers, the large effect of thickness on the quantity 
0 fa. resulted in the maximum lift-drag ratio of the 5-percent-thick wing 
being as much as 15 percent greater than that for the 3-percent-thick 
wing. 


At supersonic speeds, the effects of thickness on the drag due to 
lift were small. Тһе data show that the 5-percent-thick wing had the 
highest value of Ө/а in the supersonic Mach number range. The large 
increase in minimum drag coefficient with thickness more than offset this 
small advantage of thickness in reducing the drag due to lift, so that the 
drag coefficient for the 3-percent-thick wing was less than that for the 
5-percent-thick wing throughout the range of lift coefficients investi- 
gated at supersonic speeds. 
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Effects of Type of Profile 


It was mentioned previously in the section entitled "Selection of 
Models" that several of the wings would be investigated with both sharp 
and round leading edges. The effect of such a section modification was 
investigated on wings of both aspect ratios 2 and 3 and of unswept, 
sweptback, and trianguler plan forms. The airfoil sections investigated 
with each plan form were: 


l. Biconvex sections 3 percent thick with maximum ordinate at 
50 percent of the wing chord | ü 0 


2. Round-nose sections obtained by substituting a semiellipse for 
the forward 50 percent of the wing chord of the biconvex 
section noted above 


Further information pertaining to the geometric characteristics and 
a tabulation of the data for the wings with sharp leading edges will be 
found in tables IV, VI, VII, and X. Similar information is presented in 
tables III, XI, XII, and XIII for the wings with round leading edges. 


Тһе aerodynamic characteristics of the unswept wing of aspect ratio 
3 and with round leading edge were previously published in reference 15. 
After publication of those results, it was discovered that the bent sting 
used. in those tests to obtain s high angle of attack caused the minimum 
drag coefficient to be approximately 0.0006 less than that obtained with 
the straight sting used for other portions of this program. The unswept 
wing was tested again with the straight sting, therefore, and 1% is these 
later results which are given in table XIII. 


Lift and pitching-moment characteristics.- A comparison of the data 


for the wings investigated in this portion of the program showed that the 
change in section profile had &lmost no effect on the variation of lift 
coefficient with angle of attack throughout the test range. Also in the 
case of variation of pitching-moment coefficient with lift coefficient, 
no significant effects were noted at high Reynolds number, due to change 
in section profile. However, at the low Reynolds number, the data for 
the unswept wings with round leading edges did not exhibit the abrupt 
change in pitehing-moment coefficient near zero lift at high subsonic 
Mach numbers which was discussed previously in the section on plan-form 
effects. 


Drag coefficient.- As pointed out previously, the shape of the 
airfoil section may have a significant effect on the drag characteristics 
of the wing. For wings having little sweep of the leading edges, it is 
generally recognized that at Mach numbers well above unity sharp leading 
edges are required for a small wave drag. However, a low value of drag 
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due to lift is generally associated with a wing having round leading 
edges. The investigation of such effects was the primary purpose of 
this portion of the program. 


The results of figure 24 show that the effect of the section pro- 
file on the minimum drag coefflcient was affected considerably by Mach 
number, & characteristic in agreement with that determined on & large- 
Scale unswept wing between Mach numbers of 0.8 and 1.6 by the rocket- 
model technique, (See ref. 52.) At Mach numbers less than 1.3, the min- 
imum drag coefficient was greater for the wings having sharp leading 
edges, whereas with the exception of the sweptback wing of aspect ratio 2, 
the opposite effect was obtained at higher Mach numbers. Based upon 
theoretical results for wedge-shaped profiles, it is estimated that a 
Mach number of 1.3 is approximately that for attachment of the bow wave 
to the sharp leading edges for the unswept wings. This fact would 
explain the smaller value of minimum dr&g coefficient for tbe unswept 
wings with sharp leading edges above а Mach number of approximately 
1.3, since the wave drag would be smaller after attachment of the bow 
wave. At Mach numbers below 1.3, it is believed that the larger minimum 
drag coefficient for the wings with sharp leading edges was due to such 
edges causing the transition point to be considerably ahead of that for 
the wings with round leading edges. It should be noted, however, that 
the Reynolds number for these investigations is considerably less than 
would be obtained on the full-scale wing. For the rectangular and swept- 
back wings of aspect ratio 2, the Reynolds numbers were 4.4 and 4.8 
millions, respectively. For the unswept wings of aspect ratio 3 and the 
triangular wings of aspect ratio 4, the Reynolds numbers were 8.3 and 
9.1 millions, respectively, at а Mach number of 0.25, and 2.4 ала 4.2 
millions at Mach numbers ОҒ 0.6 and above. Since these values of Reynolds 
number аге considerably less than would be obtained on the full-scale 
wing, the possibility exists that the extent of laminar boundary layer 
on the wing having а round leading edge was greater than on a comparable 
full-scale wing; whereas the small extent of the laminar boundary layer 
in the cases of the wings with sharp leading edges would be more nearly 
the same on both model ала full-scale wing. Hence, the improvement in 
minimum drag coefficient due to rounding the leading edge may not be ав 
great for a full-scale wing ав indicated by the results shown herein. 


One point of inconsistency occurred in the data for the sweptback wing 
of aspect ratio 2 and the triangular wing of aspect ratio 4 which is not 
understood at present. The angle of sweepback is the same for both wings. 
By use of simple sweep theory, it is estimated that the bow wave would 
attach to the sharp leading edges of these wings at & Mach number of 
approximately 1.(. Based upon the results for the rectangular and unswept 
wings, it would be expected that at Mach numbers less than 1.7, the mini- 
mum drag coefficient would be less for the wing with & round leading edge 
than for the wing with & sharp leading edge. At higher Mach numbers, the 
Opposite characteristic would be expected. The results for the sweptback 
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wing of aspect ratio 2 are in agreement with this reasoning; whereas 
those for the triangular wing of aspect ratio 4 show the wing with 

sharp leading edges to have a smaller minimum dreg coefficient than that 
for the wing with round leading edges at Mach numbers above approximately 
1.3. 


Included in figure 24 are values of @/a for the various wings to 
indicate the effects of section profile on the drag due to lift. In 
general, the data show little difference between the values of ө/о for 
the wings with either sharp or round leading edges. It should be men- 
tioned that at subsonic speeds the values of O/a generally are appli- 
cabie only to а lift coefficient of approximately O.2 and, with increase 
in lift coefficient, decrease abruptly. Тһе drag data of figure 2l indi- 
cate that at subsonic speeds, the difference in drag due to lift between 
that for wings with sharp leading edges and that for wings with round 
leading edges was not the same for all plan forms. Thus for the triangu- 
lar wing of aspect ratio 4 above a lift coefficient of 0.2, the drag due 
to lift for the wing with a round leading edge was less than that for the 
Wing with a sharp leading edge; for the unswept wing of aspect ratio 3 
and the sweptback wing of aspect ratio 2, the drag due to lift was essen- 
tially the same for the wing with either section; for the unswept wing of 
aspect ratio 2, the drag due to lift for the wing with a round leading 
edge was greater than that for the wing with a sharp leading edge. 


Effects of Camber and Twist 


In the section on Selection of Models, it was stated that a theoret- 
ical study in reference 18 had shown that camber and twist could be 
employed on a sweptback wing to obtain a low value of drag due to lift. 
Further study, based upon the results of reference 18, indicated a similar 
effect for triangular wings. The theoretical study showed that a low 
value of drag due to lift could be obtained with two types of camber, 
one designed to produce a trapezoidal span load distribution and the 
other, a nearly elliptical span load distribution. Several wings incor- 
porating these types of camber were investigated, therefore, in order to ` 
evaluate experimentally the effects of camber and twist for triangular 
wings. Two of the wings were cambered and twisted to produce the trape- 
zoidal span load distribution and had aspect ratios of 2 and N and NACA 
0005-63 thickness distributions. The design lift coefficients for these 
wings were 0.25 at a Mach number of 1.53 and 0.35 at a Mach number of 
1.15, respectively. Tabulated data obtained during the investigation of 
these wings are presented in tables XIV and XV; results for the corregpond- 
ing plane wings are presented in tables VIII and XVI. Two wings of aspect 
ratio 2 and having NACA 0003-63 and 0005-63 thickness distributions were 
also cambered and twisted for the nearly elliptical span load distribution. 
The design lift coefficient for both wings was 0.25 at a Mach number of 
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1.53. Tabulated data obtained during the investigation of these wings 
are presented in tables XVII and XVIII; results for the corresponding 
plane wings are given in tables I and VIII. 


Analysis of the results for these cambered and twisted wings showed 
that the drag due to lift and the minimum drag coefficient was consider- 
ably higher for the wing having the trapezoidal span load distribution 
than for the wing having a nearly elliptical span load distribution. 
This characteristic was attributed to the differences in the pressure 
distributions occurring on these wings at the design conditions. For 
the wing having the trapezoidal span load distribution, there is an abrupt 
&dverse gradient in the pressure distribution determined theoretically. 
The abrupt gradient occurs along a straight line passing through the 
wing apex and a point on the trailing edge five eighths of the semispan 
from the plane of symmetry. Іп contrast, the wing having a nearly 
elliptical span load distribution has a smooth adverse pressure gradient 
from the leading to trailing edge of the wing. The abrupt gradient will 
cause premature separation of the boundary layer, thereby resulting in & 
higher drag coefficient for the wing with the trapezoidal span load dis- 
tribution than for the wing with the elliptical span load distribution. 
For this reason, as well as the fact that the wing having a nearly 
elliptical span load distribution is plane over a considerable portion 
of the wing area, it was believed that the results for this latter wing 
would be of greater interest and, hence, only those data will be discussed 
hereinafter. 


Lift and pitching moment.- Since the lift-curve slope and aerodynamic 
center near zerolift are influenced primarily by the wing plan form, it 
would be expected that such characteristics for the cambered wing would 
be essentially the same as for the plane wing of corresponding plan form. 
Such was the case as indicated by the results shown in figures 25 and 
26. In these figures, the variation of lift coefficient with angle of 
attack and pitching-moment coefficient with Lift coefficient are shown 
for the plane and cambered wings of 3- and 5-percent thickness at three 
subsonic Mach numbers and & Mach number of 1.53. In all cases shown, 
the curves of the Lift and pitching-moment characteristics of the cam- 
bered wings are parallel, although displaced, to those of the plane wings 
near zero lift. Іп the case of the variation of lift with angle of 
attack, the displacement of the curve is of little importance & However, 
in the case of the variation of pitching-moment coefficient with Lift 
coefficient, the cambered wing showed а positive pitching moment at zero 
lift for the Mach numbers included in the figure. Such & characteristic 
would result in а decrease in the increment of pitching moment required 


Әрог the cambered wings discussed herein, the wing chord at the plane of 
symnetry was coincident with the axis of the body. Тһе angle of attack 
for ihe cambered wings is measured, therefore, with respect to the 
chord at the plane of symmetry. 
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to trim the airplane under flight conditions and therefore a slight 
reduction in trim drag. Unfortunately, this effect of camber on the 
pitching moment at zero lift reduced with increasing Mach number, becoming 
almost insignificant at a Mach number of 1.7. 


At the higher lift coefficients, the effects of camber on the lift 
and pitching-moment characteristics were generally small. However, the 
results for the 5-percent-thick wing at a Mach number of 0.60 did show a 
significant effect. It will be noticed that the region of reduced sta- 
bility, previously discussed in connection with the effects of thickness 
on the triangular wings of aspect ratio 2, occurred at a considerably 
higher lift coefficient in the case of the cambered wing (Сү = 0.15) 
than in the case of the plane wing (Cy, = 0.45). This comparison adds 
further support to the belief that the reduced-stability region is 
associated with the vortex-separation type of flow near the wing leading 
edge. Since the camber is obtained by drooping the wing leading edge, 
the angle of attack and, hence, the lift coefficient for the cambered 
wing may be increased over that of the plane wing before separation 
occurs near the leading edge. These results indicate the possibility, 
therefore, that correctly drooping the leading edge of an aspect ratio 2 
triangular wing may delay to a lift coefficient beyond the flight range 
the undesirable reduced-stability region. 


The results shown in figures 25 and 26 have been obtained at low 
Reynolds numbers in order not to restrict the lift-coefficient range. 
Within the range of lift coefficients for which data were avallable, up 
to а lift coefficient of roughly 0.5, increase in Reynolds number to 
16.6 x 10? at а. Mach number of 0.25 апа to T.5 x 106 at other speeds 
caused no appreciable changes in the lift and pitching-moment character- 
istics of the cambered wings. 


Drag coefficient.- The primary purpose for investigating the various 
cambered wings was to determine the effects of camber on the drag coef- 
ficient. Such effects are shown in figure 27, wherein the drag coefficient 
at constant lift coefficient is shown in relation to Mach number for the 
cambered and plane wings of 3- and 5-percent thickness, The results show 
that throughout the Mach number range, the drag coefficient at zero lift 
was lower for the plane wings than for the comparable cambered wings. 

For lift coefficients above approximately O.1, however, the drag coef- 
ficient for the cambered wing was lower. The results indicate, therefore 
that the potentialities for reducing the drag due to lift indicated by Í 
the theory were more fully realized im the case Of а cambered wing having 
subsonic leading edges than in the case of a plane wing with subsonic 
leading edges. 


These benefits of camber arose from the fact that, at the design 
lift coefficient, the lifting force vector was inclined farther forward 
in the ease of the cambered wing than for the plane wing. The more 
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forward inclination of the force vector in the сазе of the cambered wing 
at the design lift coefficient was due to the fact that, ав indicated 

by theory, lifting pressures occurred on those portions of the wing which 
were drooped. Thus there resulted а component of this force in the thrust 
direction which caused the vector to be inclined forward. Іп the case of 
the plane wing, the analogous effect, which theoretical considerations 
indicate will cause & forward inclination of the force vector, that is, 
high lifting pressures &cting near the leading edge, was considerably 

less than predicted. 


In the off-design condition the lift distribution on a cambered 
and twisted wing can be considered as that due to camber and twist and 
that due to change in angle of atteck. The drag of the cambered and 
twisted wing results from both types of lift distribution. The effect 
of change in angle of attack on the drag characteristics of the cambered 
and twisted wings was very similar to that for the plane wings. For 
the 3-percent-thick wings, the curvature of the drag polar was approxi- 
mately the same for both the plane and cambered and twisted wing in the 
lift-coefficient range wherein the shape of the polar was parabolic. For 
the 5-percent-thick cambered and twisted wing, the curvature of the drag 
polar was greater than that of the 5-percent-thick plane wing and more 
closely resembled that of the 3-percent plane wing. 


It will be noticed that reduction in drag coefficient due to camber 
was not as great for the 5-percent-thick wing as for the 3-percent-thick 
wing. This effect resulted from the fact that, ав discussed previously 
for the uncambered wings, the inclination of the force vector for the 
5-percent-thick wing was farther forward than that for the 3-percent- 
thick wing and, thus, а greater portion of the reduction in drag due to 
lift indicated by the theory was realized by the thicker wing. In the 
case ОҒ cambered wings of both thicknesses, however, the variation of 
drag due to lift at Mach numbers where shock waves were not present was 
nearly the same. It appears, therefore, that the beneficial effects of 
thickness or camber in reducing the drag coefficient are not additive 
and that the reduction in drag in each case stems from the same cause; 
that is, the surface area of the wing near the leading edge inclined 
forward has been increased either by drooping the leading edge or increas- 
ing the section thickness so that the lifting pressure acting on these 
surfaces results in a greater component of force in the thrust direction 
and, therefore, а more forward inclination of the force vector. 


The beneficial effect of camber in reducing the drag coefficient is 
seen to be greatest at the subsonic Mach numbers and decreases with 
increasing Mach number. At a Mach number of 1.7, the effect was negli- 
gible. This characteristic was also evident in a comparison of the data 
for the wings with the other type of camber investigated in this program. 
The results showed that when the Mach number exceeded that at which the 
component of the free-stream Mach number perpendicular to the leading 
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edge was approximately 0.7, no further benefits of camber were realized. 
In fact, in the case of the triangular wing of aspect ratio 4 where 
appropriate data were available, further increase in Mach number resulted 
in a detrimental effect on the drag coefficient due to the use of camber. 


CONCLUSIONS 


The present report presents results ОҒ a coordinated program to ` 
investigate the effects of aspect ratio, plan form, thickness, thickness 
distribution, and camber and twist on the lift, drag, and pitching-moment 
characteristics of low-aspect-ratio wings in combination with a body at 
Mach numbers from 0.25 to ss high as 1.9. 


1. Тһе investigation of а series of 3-percent-thick triangular 
wings of aspect ratios 2, 3, and 4 showed that: 


(a) The lift-curve slope was predicted satisfactorily by linearized 
theory over much of the subsonic speed range but, &t Mach numbers near 
unity and over portions of the supersonic speed range, the extent depend- 
ing on aspect ratio, the lift-curve slopes predicted by theory were not 


in elose agreement with experimental results. 


(b) Linearized theory satisfactorily indicated the effects of 
Mach number and aspect ratio on the position of the aerodynamic center, 
which moved rearward with increasing Mach number &t subsonic speeds. 
The over-all travel of the aerodynamic center increased with aspect ratio. 


(c) The minimum drag coefficient increased with aspect ratio at 
supersonic speeds. | 


(а) Тһе drag due to lift was not predicted accurately by available 
theoretical methods. Іп general, it appeared to be more accurate to 
calculate the drag due to lift at supersonic speeds, assuming that the 
net force on the airfoil due to angle of attack is normal to the chord 
line, than to use the available theoretical methods which include leading- 
edge thrust. 


2. The investigation of а series of 3-percent-thick wings having 
sweptback, unswept, and triangular plan forms of aspect ratios 2 and 3 
showed that: 


(a) As predicted by linearized theory, the lift-curve slope near 
zero lift decreased with increasing sweepback of the leading edge; with 
increasing Mach number the effects of plan form and aspect ratio on lift- 
curve slope diminished and essentially vanished at the highest supersonic 
Mach number. 
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(b) Linearized theory satisfactorily predicted the location of the 
aerodynamic center at supersonic speeds for wings with subsonic leading 
edges, but predicted а location behind that determined experimentally 
for wings with supersonic leading edges. 


(c) The over-all travel of the aerodynsmic center with variation 
in Mach number decreased with increasing sweepback of the leading edge. 


(d) At low supersonic Mach numbers, the minimum drag coefficient 
decreased with increasing sweepback. However, the wings of lesser 
sweep and with sharp leading edges showed а greater decrease in minimum 
drag coefficient with increasing Mach number, so that above a Mach number 
of 1.6, the minimum drag coefficient was lowest for an unswept tapered 
wing of aspect ratio 3 with sharp leading edges. 


3. The investigation of a series of triangular wings of aspect 
ratio 2 with NACA OOOX-63 series airfoil section and thicknesses of 3, 
5, and 8 percent showed that: 


(а) Lift-curve slope and aerodynamic center near zero lift were 
almost unaffected by thickness. 


(b) Thickness affected the stability characteristics at moderate 
lift coefficients at high subsonic Mach numbers, the 3-percent- and 5- 
percent-thick wings having an abrupt decrease in stability over a small 
range of Lift coefficients. 


(с) Тһе wave drag was proportional to the thickness ratio squared, 
&8 predicted by linear theory. 


(а) The drag due to lift decreased with increase in thickness from 
3 percent to 5 percent, the effect being most pronounced at Mach numbers 
of 0.9 and below. 


, Тһе investigation of a series of wings having sharp and round 
leading edges showed that: 


(a) The shape of the airfoil section had almost no effect on the 
lift &nd pitching-moment characteristics. 


(b) The airfoil section affected the minimum drag coefficient, іп 
general; the wings with sharp leading edges had а lower value аб super- 
sonic speeds (above those estimated for attachment of the bow wave) and 
a higher value at subsonic speeds. 


(c) In general, the effects of airfoil section on the drag due to 
lift were small. 
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5. An investigation to determine the effects of twist and camber 
on triangular wings of aspect ratio 2 and having 3- and 5-percent 
thicknesses showed that: 


(a) The lift-curve slope and aerodynamic center were unaffected by 
the camber and twist. The camber and twist caused a small positive 
pitching moment at zero lift up to а Mach number of 1.7. 


(b) The drag coefficient for the cambered and twisted wing was less 
than that for the plane wing at lift coefficients above approximately 0.1 
up to Mach numbers at which the component of the free-stream Mach number 
perpendicular to the leading edge exceeded approximately O.T. 
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TABLE I.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
TRIANGULAR WING OF ASPECT RATIO 2 WITH NACA 0003-63 SECTION 
(&) Geometric characteristics 


АЛ dimansions shown in inches 
uníass olharwise noted | 
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TABLE I.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL РАТА FOR 
A PLANE TRIANGULAR WING OF ASPECT RATIO 2 WITH 
NACA 0003-63 SECTION - Concluded 
(c) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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` PABLE II.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
TRIANGULAR WING OF ASPECT RATIO 3 WITH NACA 0003-63 SECTION 
(a) Geometric characteristics 


All dimensions shown in inches 
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(b) Data obtained in Ames l2-foot pressure wind tunnel 
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TABLE III.~ GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL 
DATA FOR A PLANE TRIANGULAR WING OF ASPECT RATIO 4 
WITH 3-PERCENT-THICK ROUNDED-NOSE SECTION 
(a) Geometric characteristics 


All dimensions shown in inches 
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TABLE IV.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
TAPERED WING OF ASPECT RATIO 3.1 WITH 3-PERCENT-THICK BICONVEX SECTION 
(a) Geometric characteristics 


All dimensions shown in inches ni 
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“CONVEX SECTION - Concluded 
-foot supersonic wind tunnel 
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FOR A PLANE TAPERED WING OF ASPECT RATTO 3.1 WITH 
(c) Data obtained in Ames 6- bv 6 
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TABLE У.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 
PLANE 4,59 SWEPTBACK WING OF ASPECT RATIO 3 
WITH 3-PERCENT-THICK BICONVEX SECTION 
(&) Geometric characteristics 


All dimensions shown іп inches 
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Aspect ratio a a e a . . . * . . - я а а а а ва в * ° . . . - * s Ф е . а . 3 
Taper ratio . « , < < ....4.4....... . که‎ 
Airfoil section (atreamrise) € € €» 4» 9 €. e v. % 'S-percent-thick biconvex 
Total ares, square feet ° à 8 а а bb э эз егес a э е a ө ә ае ç е э . . 2.430 
Mean aerodynamic chord, ©, feet e а э « 8 à “< е «в 4 9 е а е 9 O e e . 956 
Dihedral, degrees. . . . s s < a lc 0 
Twist, degrees . 9 ө s е * © е @ эз © © © © © э ев ө в © *» »? 6 а s * QQ а ә € 0 
Incidence, дедггев........................... 0 
Сәлрег....... a s. ө G G e э q а e « 0 е о а None 
Distance, wing reference Plase to "body exis, feet . ç < s = ç s e e s e э n о 


(b) Data obtained in Ames 12-foot pressure wind tunnel 
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TABLE V.- GEOMETRIC CHARACTERISTICS AND WIND 


-TUNNEL DATA FOR А 


SWEPTBACK WING OF ASPECT RATIO 3 WITH 


3-PERCENT-THICK BICONVEX SECTION - Concluded 
(c) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE VI.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
RECTANGULAR WING OF ASPECT RATIO 2 WITH 3-PERCENT- 
THICK BICONVEX SECTION 
(а) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 


— 20. codes 13.23 M 


46.93 
]*59.50 
SA 
Aspect ratio & 4 $409 s <s < o ел OC I qe яғы жы ы 8 08.00 w. a ой Q ° 2 
терет PALIO о ыза ығ Аа R SE ылы ode We he Er Rl АШ еъ 1 
Airfoil section (streamwise) ............ ç 3-percent-thick biconvex 
Total area, square feet. ............. —— Pt. 
Mean aerodynamic chord, б, feet ...........,......... 1.102 
Dihedral, degrees. ....................,... .... О 
Twist, degrees а. оаа а | s s s <ç s s s s s a s s e e e e s, e жож жое "ë 0 
Incidence, degrees . . . . . . see XX 0 
CSM GR 4 4 dou Sedi 4 ы E АСЫ A IURI жою а s.es» . None 
Distance, wing reference plane to body axis, feet . .. , , + + s s + s x , 0 


67 


NACA RM AD3A30 


3-PERCENT-THICK BICONVEX SECTION - Concluded 
(b) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 


TABLE VI.- СЕОМЕТКІС CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE RECTANGULAR WING ОҒ ASPECT RATIO 2 WITH 
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TABLE VII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE 45° SWEPTBACK WING OF ASPECT RATIO 2 
WITH 3-PERCENT-THICK BICONVEX SECTION 
(&) Geometric characteristics 


All dimensions shown ín inches 
unless ofherwise nofed 


Aspect ratio . . . . « « Lew. а mod аза ыы cee Ж а: е а ө э ө . e 
Taper ratio . «4 + +s s =< <s « e e e G a ө s o ө ө ө * e ө е е e o e s э ә э „333 
Airfoil section (вбўгееши1ге)............. 3-percent-thick biconvex 
Total area, square feet. . .................. соо а ж < 2.430 
Mean aerodynamic chord, Сс, feet ....... eê а # е же w o£ ж е 1.191 
Dihedral, degrees s a. e ee +s <s s s © © © s ww ® .4.4.4.4... °. э о э ө О 
Twist, degrees «1 гала: % s « . э s o « ө n9 n O 
Incidence, degrees . . s « < s « © «© s an q © «© „ э э ө ә s ® ө e.e. А O 
Camber s.a a we a ene a е жож ЫЗ AS Жоао CAS a (8 rm None 
Distance, wing reference plane to body axis, feet . . . - « +s s < < we <“ ow e 0 
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TABLE VIL.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR 
A PLANE 45° SWEPTBACK WING OF ASPECT RATIO 2 WITH 
3-PERCENT-THICK BICONVEX SECTION - Concluded 
(b) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE VIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR А 
PLANE TRIANGULAR WING ОЕ ASPECT RATIO 2 WITH NACA 0005-63 SECTION 
(а) Geometric characteristics 


All dimensions shown іп inches 
unless otherwise noted 


Aspect rat io ә . . е * ° е ° . Ф “ е . s Ф е е е е е *» 


PEDO TALIO ее ағы зы Ра Ык оа ЖЕ ә: а e O 
Airfoil section (streamwise) . . . . .. ur TT . NACA 0005-63 
Total area, square feet .......................... ой 
Mean aerodynamic chord, ё, feet ...................... 1.889 
Dihedral, degrees ............,........,..,...... . e » 0 
наны, EET S. S Lc А 0 
Incidence, degrees ............................... 0 
Сашей а жағы е аса ыл А аа жж а Bow лы Са! ШЫ а UP epe Ж Копе 
Distance, wing reference plane to body axis, feet . . . "E О 
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TABLE VIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
TRIANGULAR WING OF ASPECT RATIO 2 WITH NACA 0005-63 SECTION - Continued 
(b) Data obtained in Ames l2-foot pressure wind tunnel 
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TABLE VIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE А 
TRIANGULAR WING OF ASPECT RATIO 2 WITH МАСА 0005-63 SECTION - Concluded 
(с) Data obtained in Ames 6- by 6-foot supersonic wind tunnel | p 
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RATIO 2 WITH МАСА 0008-63 SECTION 
(а) Geometric charscterist 


DATA FOR A PLANE TRIANGULAR WING OF ASPECT 


TABLE IX.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNETL 
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NACA 0008-63 SECTION - Concluded 
(c) Data obtained in Ames 6- by 6-foot -supersonic wind tunnel 


FOR A PLANE TRIANGULAR WING OF ASPECT RATIO 2 WITH 


TABLE IX.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
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TABLE X.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE TRIANGULAR WING OF ASPECT RATIO h 
WITH 3-PERCENT-THICK BICONVEX SECTION 
(а) Geometric characteristics 


All dimensions shown in inches 


18.69 


Aspect rRLIO . +< s s s s= s e = э 9 s n n e s n s e = o э ө ne ә 4 e e ooo Li 
Тарег тас -4---.-.--.....7.. 4.- агат а о s. э а а а э ее » c]? = 

Airfoil section (streamrise) ............. 3-percent-thick biconvex 

area, square feet. ........................ 

Mean e chord, €, feet .......6..6.............» 1.038 
Dihedral, degrees. . . s s s s c s m G = ө ө G ө ө е ө э Ge э ө ө ө n ө e э аэ 0 
Twist, degrees e ее = "w". P» . . 9 э э э тв ew э э * э а е ье 9 а а б.е © 
Incidence, degrees ................-..-.-......-.... 9 
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-PERCENT-THICK BICONVEX SECTION - Concluded 
(с) Data obtained Ames 6- by 6-foot supersonic wind tunnel 


FOR A PLANE TRIANGULAR WING OF ASPECT RATIO 4 WITH 
3 


TABLE X.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
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TABLE XI.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE RECTANGULAR WING OF ASPECT RATIO 2 
WITH 3-PERCENT-TEICK ROUNDED-NOSE SECTION 
(&) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 


[3.23 
20.25 = 13.23 d 
46.93 

59.50 
Aspect ratio Ф * е е * Ф + s е ° a LJ е е е ° ° ° LÀ * LÀ ьо е ә. ә ее е е е ве е 2 
Taper ratio 2..................4...- l 
Airfoil section (streamwise) . 3-percent-thick biconvex "with elliptical nose 
Total area, square feet ................. вао e o.’ 2.430 
Mean aerodynamic chord, б, feet .................... 1.102 
Dihedral, degrees 2............................. 0 
Twist, degrees . e e a o 6 в £9 4 € €* e э в = в @ ө е a 4 V э е а o . а а е O 
Incidence, degrees . e + e e © oo & 9 4 ө e ә ө ө ө € ә е э е ө ө э э ө ө ° О 
Сашрег.... e e e s e e » a ө » э * e ө ө э е » 9» d s ө ө 9 э f$ ° ° ө ® None 
Distance, wing reference plane to body axis, feet ............. 0 
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TABLE XI.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 


FOR A PLANE RECTANGULAR WING OF ASPECT RATIO 2 WITH 


3-PERCENT-THICK ROUNDED-NOSE SECTION - Concluded 
(b) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE XII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE 45° SWEPTBACK WING OF ASPECT RATIO 2 
WITH S-PERCENT-THICK ROUNDED-NOSE SECTION 
(a) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 


ABpect Tatio < o ew ei ж а жо» еске өза Ы 56% Wo ары Po St ЛЕС de 2 
Taper ratio . . . . e. o e 9 ^ © © оаа о c e е ә = s e ө s ee . 333 
Airfoil section (streamwise) + š | Scpercent-thick biconvex with elliptical nose 
Total area, square feet . . . , . + +< < s s s s s oo PPP tre 
Mean aerodynamic chord, 6, feet ............. —— аз 1.19h 
Dihedral, degrees . . . . . . « es ec we ee Жозе ew а “ее«шееа а э ө ө ө 0 
Twist, degrees . . . . . . < . ооо c 9 а ^» c» ож ж: s» а . .44.4...... 0 
Ineidence, depreeB “5454-5-45 00€. OW ж ғымы ы жй el А 0 
ing NE ur e€ з e ө ө ө е ө е . None 
Distance, wing reference inse to body axis, feet . . . .. e so ° ë 0 
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TABLE XII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE 45° SWEPTBACK WING OF ASPECT RATIO 2 WITH 
3-PERCENT-THICK ROUNDED-NOSE SECTION - Coneluded 
(b) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE XIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 


` FOR A PLANE TAPERED WING OF ASPECT RATIO 3.1 
WITH 3-PERCENT-THICK ROUNDED-NOSE SECTION 
В (а) Geometric characteristics 


АН dimensions shown In inches —— DE EE 


Agpect ratio e . е s . * LJ е . . е * . LJ . . а . LÀ е . ь ° . . b * . . > = 3.08 
Тарег ratio . е а а т . . . . . . Ф . № LÀ LI LÀ . LJ * . > * a » * . . LJ - . е 

z Airfoil section (streamrise) . . . 3-percent-thick biconvex with elliptical nose 
Total area, square feet. + s „ s © e s e s ө э o ° o o‘ ° “ees а э . 2. 5 
Mean aerodyramic chord, E, feet ...... АСЕКЕ .... Ос 
'DiBedral, degrees ...... S. e Rr ^з саса QC Ue a олы canda ws e. гас aue, ыы. “Ө 
Ywist, degrees ...... .4...-........ 9524 4 4. ... ee» б 

ы Incidence, degreeg ......-............. a decus Сэт, cas жов 0 
Сайзес.............-.....-.- оа 6 ә за а еше € « Hone 
Distance, wing reference plane to body exis, feet ...... E. өе; ж. ж ө е 0 


(b) Data obtained in Ames 12-foot pressure wind tunnel 
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.. ROUNDED-NOSE SECTION = Continued 
(c) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE ХІІІ.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A PLANE 
TAPERED WING OF ASPECT RATIO 3.1 WITH 3-PERCENT-THICK 


ROUNDED-NOSE SECTION - Concluded 
(с) Data obtained in Ames 6- by 6-foot supersonic wind tunnel ~ Concluded 
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TABLE XIV.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR 
А TRIANGULAR WING OF ASPECT RATIO 2, CAMBERED AND TWISTED 
FOR A TRAPEZOIDAL SPAN LOAD DISTRIBUTION 
(а) Geometric characteristics 


All dimensions shown in inches 


unless otherwise noted | 
17.00 


Aspect PALIO 44 S U 436 los Bw COO > Î ы OS . e e © 9 o o o ө е o 2 
Taper ratio , +. + + + , o e * * ө 9? ә 9 € э э «© ө а 6 ө о е ө * ө * ө о е О 
Airfoil section (streamrise) Box E W W WC ee Sew wo ov e ПАСА (0005-63 
Total area, square TEEL ыы ж Wo S 39 04 ее SU SP OC ыы ымш @ ион э 101% 
Mean aerodynamic chord, ë, feet .................... 1,889 
Dihedral, üegreBs o 4 2 е Pp н ва а oe ы ғы жож чыз 4 ө ө е © ° 0 
Twist, degrees e е е a ее ө е өе e э @ G € е е е е е o a е 6 5» » о » о бее fig 1 
Incidence, degrees 4464 646 «е е G 6 o 9 ө е ө * e 9 € ө өе е ө s а ө е ө 0 
Сәшфег.6......................... ө «.. o Bee figl 
Distance, wing reference plane to body axis, feet ............. 0 
Design lift coefficient at М-1,53 соо оо а G а а еееее «еее C$ о 0.25 
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TRAPEZOIDAL SPAN LOAD DISTRIBUTION - Concluded 
(b) Data obtained in Ames 6- by.6-foot supersonic wind tunnel 
Sea me aera gh Sears 


TABLE XIV.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 
TRIANGULAR WING OF ASPECT RATIO 2, CAMBERED AND TWISTED FOR A 
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TABLE XV.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR 
A TRIANGULAR WING OF ASPECT RATIO 4, CAMBERED AND TWISTED 
FOR A TRAPEZOIDAL SPAN LOAD DISTRIBUTION 


(а) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 
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CAMBERED AND TWISTED FOR A 
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TRAPEZOIDAL SPAN LOAD DISTRIBUTION - Conciuded 


(b) Data obtained in Ames l2-foot pressure wind tunnel 


TABLE XV.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 
TRIANGULAR WING OF ASPECT RATIO kh 
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(с) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE XVI.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 
FOR A PLANE TRIANGULAR WING OF ASPECT RATIO 1 
WITH NACA 0005-63 SECTION 
(a) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 
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(с) Data obtained in Ames 6- 
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TABLE XVII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 
3-PERCENT-THICK TRIANGULAR WING OF ASPECT RATIO 2, CAMBERED AND 
TWISTED TO APPROXIMATE AN ELLIPTICAL SPAN LOAD DISTRIBUTION 
(a) Geometric characteristics 


AK dimensions shown із inches 
unless otherwise nofed 


17.00 

Aspect ratio LJ * a Ф . . * * в . . a a “ s a . ж a = в . ° a . я * Ф Ф * 2 
Taper ratio . е . * . . . а . . * ə . a LÀ LJ Ф s . - . ғ ГА . . в . а . * 0 
Airfoil section {streamwise} .................. МАСА 0003-63 
Total area, Bgu&re feet. , s «esse а е бе ve s à ç G ^ vs» ө э ef l 1,01. 
Mean aerodynamic chord, 8, Геейбі/.2.................. 1. 

Dihedral, degrees . е е . . ч в % LÀ LJ * . . . . e . a LÀ s “s . т е ə ° . a о 
Twist, degrees «ее е э э 9 à 9 а э we е « э а е э а е © e = ө ®» See Fig. 3 
Incidente, degrees . , +< « e « e e e e a e s = е а s s s о а э ө е э э n ө 0 
Camber * » . е LJ * е а е . ч a . a е % “ . . . + Ld . . ° ° е а . LJ Bee Fig. 3 
Distance, wing reference plane to body exis, feet ............ о 
Design lift coefficient at M^» 1.53 e а ә ө э i з @ ú э 4 6 © ө e а >» 0.25 


(b) Data obtained in Ames 12-foot pressure wind tunnel 
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SPAN LOAD DISTRIBUTION - Coneluded 
(c) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 


- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA 


-PERCENT-THICK TRIANGULAR WING OF ASPECT ВАТТО 2 
CAMBERED AND TWISTED TO APPROXIMATE AN ELLIPTICAL 
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TABLE XVIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 
2-PERCENT-THICK TRIANGULAR WING OF ASPECT RATIO 2 ; CAMBERED AND 
TWISTED TO APPROXIMATE AN ELLIPTICAL SPAN LOAD DISTRIBUTION 
(а) Geometric characteristics 


All dimensions shown in inches 
unless otherwise noted 


17.00 
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Taper ratio ..... oo ° e oe э ө e e q ө ө ө э ө е е e e ө ө ө ө eo ee О 
Airfoil section (etreamwise) "EX ela ee ға a re. net 0005-63 
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Mean aerodynamic chord, с, feet V 1,889 
Dihedral, degreeB ......4.....-..........:..4..а... .ө. О 
Twist, degrees e e ә e à э G @ ө € э P G ө ө о е ^» G э 5 à» e 56 $9 o “< « а BOO fig 3 
incidence, degrees e е e е є 6(& е е 5» а в өе а е 4 € €9 = e 8 G s $ е s а s э э э е 

Camber a e < +< < ç e e € » e e е ^ s за Wo EC US. ж эса ж o» Bee ТІҢ 3 
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Design lift coefficient at Ml. 53 s. е ө е е е ө э е G ее ә э 9 G а q т ө . 0.25 


(b) Data obtained in Ames 12-foot pressure wind tunnel 
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TABLE XVIII.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL DATA FOR A 


5-РЕВСЕКТ-ТНІСК TRIANGULAR WING OF ASPECT RATIO 2, CAMBERED 


AND TWISTED TO APPROXIMATE AN ELLIPTICAL SPAN 


LOAD DISTRIBUTION - Concluded 
(c) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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TABLE XIX.- GEOMETRIC CHARACTERISTICS AND WIND-TUNNEL 
DATA FOR THE BODY ALONE 
(а) Geometric characteristics 


All dimensions shown in inches 
кке center 29.66 


—-ba46.93 
{= 59.50 


Actual fineness ratio (b&sed on length b) e e з * е @ © © Gs s a а 9.86 
Fineness ratio (based on length 1) ............... 12.5 
Cross-section shape ..................... Circular 
Maximum cross-sectional area, square feet . , + s s . s e . . 0.1235 
Ratio at maximum cross-sectional area of body to area of 

wings used in conjunction with body . . . + s s s s s e a 4 0.0509 
Distance to the moment center from nose, feet ......... 2.71 
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TABLE XIX.- СЕОМЕТКІС CHARACTERISTICS AND WIND-TUNNEL 
DATA FOR THE BODY ALONE - Concluded 
(b) Data obtained in Ames 6- by 6-foot supersonic wind tunnel 
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NOTE: Coefficients are based оп an area of 2.425 square feet and a 


moment arm of 3.911 feet. 
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TABLE XX.- COORDINATES OF 3-PERCENT-THICK ROUND-NOSE SECTION 


КА I — 
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E. DENIS C j 
O О 
1.25 «333 
2.5 468 
5 „653 
T«2 .790 
10 .900 
15 1.071 
20 1.200 
30 1.375 
ko 1.469 
50 1.500 
60 1.1440 
70 1.260 
80 .960 
85 .765 
90 450 
95 .285 
100 9 
L. E. radius: 0.045 percent c 
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(b) Shape of cambered and twisted surface. 


Figure /— Тһе spanwise load distribution and mean surface 
for the triangular wing of aspect ratio 2 cambered and 
twisted for a trapezoidal spanwise load distribution. 
Design lift coefficient, 0.25; design Mach number, 1.53. 
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Figure 2.— The semispan load distributions corresponding to 
various values of n in comparison with an elliptical load 
distribution. 
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E: Theoretical 
surface trace 
-08 
Modified 
surface trace 


Local spanwise station, I 
(a) Theoretical wing and modified wing. 


Sheared 
leading edge 


Sheared & modified 
surface trace 


Local spanwise station, £ AR 
(b) Modified and sheared wing. 
Figure 3.—The mean-surtace shape for the triangular wing of 
aspect ratio 2 cambered and twisted for a nearly ellipti- 


cal spanwise load distribution. Design lift coefficient, 0.25; 
design Mach number, 1.53. 
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Lomax and Sluder 
Weissinger 

— —— Exact 

— ——- Lawrence 


Lomax and Sluder 
Weissinger 
——-— Exact (Ref 27) 


(b) Rectangular wings. 


Figure 4.— The lift-curve slope for triangular and rectan- 
gular wings from several theoretical methods. 
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Lomax and Sluder 
تت‎ Weissinger 
——-— Lawrence 


20 


Lomax and Sluder 
------- Weissinger 
------- Lawrence 
-------- Exact (Ref. 27) 


Aerodynamic center, BC from leading edge 
A 
© 


pA 
(b) Rectangular wings 


Figure 5.— The center of pressure for triangular and rec- 
fangular wings from several theoretical methods. 
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(a) Triangular wings. 
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(b) Rectangular wings. 


Figure 6.— The ratio of the inclination of the lift-force 
vector from the normal to the wing surface fo the 
angle of attack as determined by theory. 
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Figure Z— The lift-curve slope of plane triangular wings 
3 percent thick. 
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Figure 8.— The variation of lift coefficient with angle of attack for plane triangular wings 
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Figure 9.— The location of the aerodynamic center of plane triangular wings 


3 percent thick. 
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Figure 10.—The variation of pitching-moment coefficient 
with lift coefficient for plane triangular wings 
3 percent thick. 
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Figure /L—The minimum drag coefficient of plane triangular wings 


J percent thick. 
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The ratio of the inclination of the force vector from the 
normal to the angle of attack for plane triangular wings 3 percent 


Figure І2-- 
thick. 
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Figure 13.—The maximum lift-drag ratio and optimum lift 
coefficient for plane triangular wings 3 percent thick. 
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Figure /4--7һе lift-curve slope for plane wings 3 percent 
thick and having different types of plan form. 
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Figure /4.— Concluded. 
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Figure 15.—The variation of lift with angle of attack for plane wings of aspect ratio 3, 
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Figure 16.— The aerodynamic center for plane wings 3 percent 


thick and having different types of plan form. 
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Figure l6.—Concluded. 
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Figure [7— The variation of piftching-moment coefficient 
with lift coefficient for plane wings of aspect ratio 
3, 3 percent thick, and having different types of 
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Figure 20.— The maximum /iff-drag ratio and optimum lift 
coefficient for plane wings 3 percent thick and having 
different types of plan form. 
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Figure 2/-- The variation of lift coefficient with angle of attack for plane triangular wings 


of aspect ratio 2 and having NACA OOOX-63 sections. 
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Figure 22.—The variation of pifching-momen! coefficient 
with lift coefficient for plane friangular wings of 
* aspect ratio 2 and having МАСА OOOX-63 sections. 
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Figure 23.—The drag characteristics for plane triangular wings of 
aspect ratio 2 and having МАСА OOOX-63 sections. 
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(a) Rectangular wing of aspect ratio 2. 


Figure 24.—The drag coefficient for plane wings 3 percent 
thick and having different types of profile. 
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Figure 24.— Continued. 
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Figure: 24— Concluded. 
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Figure 25— The variation of lift coefficient with angle of attack for triangular wings of 
aspect ratio 2, plane and twisted and cambered. 
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(a) Wings 3 percent thick. 


Figure 26.— The variation of pitching~moment coefficient 
with lift coefficient for triangular wings of aspect ratio 
2 2, plane and twisted and cambered. 
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(b) Wings 5 percent thick. 


Figure 26.—Concluded. 
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Figure 27— The drag characteristics for triangular wings of 
aspect ratio 2, plane and twisted and cambered. 
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Figure 27-- Concluded. 
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